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FOREWORD 


This  workshop  had  its  origin  with  the  meeting  of  a small 
group  of  scientists  from  the  U.  S.  Army  Aeromechanics 
Laboratory,  NASA  Ames  Research  Center,  U.  S.  Air  Force 
Weapons  Laboratory,  Rocketdyne,  and  Spectron  Development 
Laboratories,  at  Kirkland  Air  Force  Base,  N.  M.,  to  swap 
ideas  on  automated  data  reduction  of  holographic 
interferometry  data.  The  various  groups  were  in  the  process 
of  solving  virtually  the  same,  extremely  complex  problem  for 
different  applications.  This  is  the  same  problem  that  has 
escaped  a truly  practical  solution  for  nearly  twenty  years. 
Everyone  left  the  meeting  with  more  knowledge  than  he  had 
brought  and  most  expressed  conviction  that  the  meeting  should 
be  repeated  and  expanded  to  include  other  groups  working  on 
the  same  or  similar  problems. 

Planning  of  this  workshop  was  done  by  George  Lee,  Yung 
Yu  and  myself  during  several  subsequent  meetings  and  phone 
conversations,  and  we  received  advice  from  a number  of 
individuals. 

The  basic  philosophy  and  goals  for  the  workshop  were 
agreed  upon  at  the  outset,  but  these  continuously  evolved 
with  time  and  discussions  with  attendees.  Our  intention  was 
to  make  this  a workshop  and  not  a seminar.  The  group  we 
assembled  was  unique.  Everyone  had  an  interest  in  automated 
data  reduction  and  was  an  expert  in  some  aspect  of  the 
problem. 

We  decided  that  every  attendee  should  be  a potential 
contributor  to  the  overall  solution  of  the  problem  of  data 
reduction  in  holography  and  related  areas.  We  contacted  as 
many  people  as  we  know  working  in  this  area  and  ask  them  for 
additional  candidates.  I believe  we  reached,  in  this  way,  a 
majority  of  the  experts  in  the  United  States  and  a 
significant  representation  from  Europe  and  Asia.  Most 
likely,  we  overlooked  some  important  people  and  can  only 
apologize  for  that  shortcoming. 

Initially,  we  had  expected  to  persuade  25  or  30  people 
to  participate.  The  response  to  the  workshop  was 
overwhelming  and  the  number  of  people  who  expressed  interest, 
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though  satisfying,  created  the  difficult  problem  of 
maintaining,  the  desired  workshop  atmosphere  for  so  many 
people.  This  makes  it  all  the  more  important  to  establish 
clear  goals  and  procedures. 

This  was  not  intended  to  be  a meeting  for  simply  giving 
a paper  or  listening  to  others  give  papers.  We  provided  a 
formal  meeting  structure  from  which  everyone  was  encouraged 
to  work  informally.  One  objective  of  the  workshop  was  to 
bring  together  experts  who  has  a common  technical  problem, 
questions  to  ask,  ideas  to  air,  observations  to  make,  and  to 
provide  the  atmosphere  for  brainstorming.  Of  equal 
importance  was  to  allow  the  attendees  to  meet  each  other  and 
to  gain  different  prospectives  on  the  needs  and  approaches 
being  taken  to  solve  the  problem  of  automated  data  reduction. 
I believe  that  this  workshop  increased  communication  between 
workers,  created  a new  synergism,  and  provided  new  incentives 
that  will  be  felt  by  this  field  for  years  to  come.  The 
ultimate  goal  for  the  workshop  was  to  speed  up  the  solution 
of  the  problem  of  automated  data  reduction.  I believe  we 
accomplished  that  goal. 

The  first  few  lectures  were  selected  to  provide  a 
cursory  review,  a foundation,  and  a common  language  for  the 
rest  of  the  workshop.  It  was  assumed  that  attendees  all  know 
how  holography  and  holographic  interferometry  was  done. 

There  was  no  need  to  go  into  great  detail  describing 
holographic  setups. 

We  focused  on  data  extraction  from  holograms,  data 
handling,  and  interpretation. 

A large  part  of  the  first  day  was  devoted  simply  to 
having  every  attendee  briefly  describe  his  organization’s 
need  and  plan  to  solve  some  part  of  this  problem.  We 
encouraged  the  informal  interchange  of  ideas  between  all 
attendees  during  all  parts  of  the  workshop  and  requested  that 
useful  findings  be  described  to  the  whole  group  at  an 
appropriate  time.  Working  groups  interested  in  specific 
problem  areas  were  formed  on  both  days  to  further  enhance 
this  type  of  communication. 

I would  like  to  thank  NASA  Research  Center  for  providing 
support  and  a place  to  assemble.  Drs.  Lyn  Caveny  and  Julian 
Tishkoff  of  the  Air  Force  Office  of  Scientific  Research  and 
Dr.  Robert  Singleton  of  the  U.  S.  Army  Research  Office, 
provided  advice  as  well  as  financial  support. 

J.  D.  Trolinger,  General  Chairman  of  Workshop 
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a Workshop  on  Automated  Reduction 
from  Images  and  Holograms 


Editors:  G.  Lee,  J.  Trolinger  and  Y.  Yu 


Laser  techniques  are  widely  used  for  the  diagnostics  of 
aerodynamic  flow  and  particle  fields.  The  storage  capability 
of  holograms  has  made  this  an  even  more  powerful  technique. 
Unf or tuately , the  techniques  to  store  optical  data  in 
holograms  has  far  outpaced  the  ability  to  extract  the  data 
from  the  holograms.  This  data  reduction  bottleneck  has  for 
years  obstructed  the  used  of  holography  to  its  fullest 
potential.  In  several  notable  instances  this  shortcoming  has 
led  to  the  abandonment  of  the  technique  as  a routine 
procedure . 

In  recent  years  several  events  have  fostered  a reversal 
in  this  trend.  Holographic  techniques  have  provided  badly 
needed  data  which  could  not  otherwise  be  obtained.  Ever 
increasing,  affordable  computer  power  has  offered  a 
potential,  practical  solution  to  the  extremely  difficult 
problem  of  image  processing  and  automted  data  reduction. 

Over  60  researchers  in  the  fields  of  holography, 
particle  sizing  and  image  processing  convened  at  NASA-Ames 
Research  Center  for  a two  day  workshop  to  discuss  the  above 
topics.  The  research  programs  of  ten  government 
laboratories,  several  universities,  industry  and  foreign 
countries  were  presented.  A number  of  papers  on  holographic 
interferometry  with  applications  to  fluid  mechanics  were 
given.  Several  papers  on  combustion  and  particle  sizing, 
speckle  velocimetry  and  speckle  interferometry  were  given. 
Finally,  a session  on  image  processing  and  automated  fringe 
data  reduction  techniques  and  the  type  of  facilities  for 
fringe  reduction  was  held. 
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INFORMATION  RETRIEVAL  FROM  HOLOGRAPHIC  I NTERFEROGRAMS  - 
FUNDAMENTALS  AND  PROBLEMS* 

Charles  M.  Vest 
The  University  of  Michigan 


ABSTRACT 

Holographic  interf erograms  can  contain  large  amounts  of 
information  about  flow  and  temperature  fields.  Their  information 
content  can  be  especially  high  because  they  can  be  viewed  from 
many  different  directions.  This  multidirectionality,  and  fringe 
localization,  add  to  the  information  contained  in  the  fringe 
pattern  if  diffuse  illumination  is  used.  Additional  information, 
and  increased  accuracy,  can  be  obtained  through  the  use  of  dual 
reference  wave  holography  to  add  reference  fringes  or  to  effect 
discrete  phase  shift-  or  hetrodyne  interferometry. 

Automated  analysis  of  fringes  is  possible  if  interf erograms 
are  of  simple  structure  and  good  quality.  However,  in  practice  a 
large  number  practical  problems  can  arise,  so  that  a difficult 
image  processing  task  results. 


INTRODUCTION 

Realization  of  the  potential  of  holographic  interferometry 
as  a scientific  and  engineering  tool  requires  quantitative 
interpretation  of  holographic  inter f erograms . The  usefulness  of 
the  technique  increases  appreciably  if  data  aquisition  is  rapid 
and  processing  of  information  contained  in  interf erograms  can  be 
highly  automated.  This  is  particularly  true  in  fields  like  fluid 
mechanics  and  combustion  diagnostics  where  the  fields  to  be 
measured  may  be  quite  complicated  and  changing  rapidly  with  time. 
In  this  paper  we  consider  the  information  contained  in 
holographic  interf erograms  of  transparent  media,  discuss  the 
basic  concepts  of  quantitative  interpretation  of  holographic 
interf erograms , and  pose  the  problems  which  must  be  addressed  by 
those  in  involved  in  the  development  of  automated  systems  for 
analysis  of  interference  fringe  patterns. 


• This  work  was  sponsored  by  the  Army  Research  Office. 
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The  process  of  applying  holographic  interferometry  to  fluid 
mechanics  or  combustion  diagnostics,  or  for  that  matter  any  other 
scientific  or  industrial  problem  area,  consists  of  the  following 
ten  steps: 


1 . 

Problem  definition  and  goals 

6. 

Reconstruction 

2. 

Apparatus  and 

setup 

7. 

Viewing  and  storing 

3. 

Establishment 

of  flow 

8. 

Analysis  of  fringes 

M . 

Recording  the 

hologram 

9. 

Physical  interpretation 

5. 

Developing  the 

hologram 

10. 

Use  of  information 

Holographic  interferometry  is  defined  as  the  interferometric 
comparison  of  two  or  more  waves,  at  least  one  of  which  is 
holographically  reconstructed.  The  composite  of  these  two  or 
more  waves  is  referred  to  as  a holographic  lnterf eroaram . The 
term  lnterf eroaraa  with  no  modifying  adjective  denotes  a pattern 
of  interference  fringes  recorded  on  photographic  film  or  formed 
on  a two-dimensional  viewing  screen,  video  device  or  the  retina 
of  the  eye.  It  is  assumed  that  the  reader  is  familiar  with  the 
basic  technology  of  holography. 

This  process  in  fact  contains  at  least  two  feedback  loops 
because  physical  interpretation  generally  feeds  back  to  refinement 
of  the  apparatus  and  setup,  and  the  use  of  information  obtained 
from  the  holographic  analysis  usually  feeds  back  to  refinement  of 
problem  definition  and  goals. 

In  this  paper  we  emphasize,  in  broad  terms,  the  analysis  of 
fringes  and  physical  interpretation.  However,  the  designer  of  an 
automated  system  for  analysis  of  holographic  lnterf erograms  must 
consider  all  eight  of  the  above  steps. 


FORMATION  OF  HOLOGRAPHIC  INTERFEROGRAMS 

In  order  to  extract  quantitative  information  from  an 
interferogram,  one  must  understand  the  process  by  which  the 
lnterf erogram  was  initially  formed.  This  process  is  summarized 
in  figure  1.  A wave  of  coherent  light  enters,  and  propagates 
through,  a test  object  which  is  the  region  of  gas  or  liquid  in 
which  the  phenomenon  of  interest  occurs.  The  wavefronts  of  this 
coherent  light  are  distorted,  and  possibly  attenuated,  by  their 
interaction  with  the  test  object.  The  deformed  wavefronts 
strike  a holographic  recording  device  where  they  are  mixed  with  a 
reference  wave  in  order  to  record  a hologram.  Most  commonly  this 
process  is  repeated  twice,  once  with  flow  occurring  and  once  with 
no  flow,  in  order  to  form  a two-exposure  holographic 
interferogram.  By  illuminating  such  a two-exposure  hologram  the 
deformed  an  undeformed  waves  are  simultaneously  reconstructed. 
They  enter  some  type  of  viewing  or  recording  device  to  form  an 
Interferogram.  This  interferogram  is  the  irradiance  pattern  of 
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the  sum  of  the  two  coherent  waves. 


The  basic  information  contained  in  a holographic 
interf erogram  is  the  distribution  of  relative  phase  of  two  waves 
encoded  in  a fringe  pattern.  However,  there  is  additional 
information  which  may  be  of  importance  in  quantitative 
evaluation.  In  many  cases  the  fringes  will  be  localized  in 
space,  and  the  apparent  location  of  fringe  localization  provides 
some  information  about  the  field.  Variation  of  background 
irradiance  in  the  interf erogram  provides  information  about 
attenuation  of  the  waves  by  the  test  object,  and  this  attenuation 
constitutes  spectroscopic  data,  i.e.  it  is  related  to  the  local 
absorbtivity  of  the  fluid  at  the  given  wavelength  of  light. 
Knowledge  of  the  precise  direction  of  viewing  of  the 
inter f erogram  is  important  information  for  quantitative 
evaluation . 


To  investigate  evaluation  of  inter ferograms  it  generally  is 
convenient  to  think  in  terms  of  ray  optics,  rather  than  wave 
fronts.  Figure  2 is  a general  schematic  diagram  of  the  formation 
of  an  interferogram.  This  figure  reminds  us  of  three  important 
facts  about  the  formation  of  inter ferograms . First,  rays  are 
bent  (refracted)  as  they  pass  through  the  active  test  object. 
Second,  interference  occurs  only  on  the  surface  of  the  detector 
(film,  viewing  screen,  video  camera,  retina,  etc.).  Third, 
knowledge  of  the  imaging  system  such  as  its  direction  of  view, 
location  of  image  plane,  and  numerical  aperture  is  required  for 
proper  interpretation. 

In  figure  2 we  show  two  rays.  The  first  (DFP')  passed 
through  the  test  section  when  no  flow  was  occuring  and  its 
refractive  index  was  a uniform  value  n0  . The  second  ray  (ACP*) 
is  bent  by  refraction  as  it  passes  through  the  nonuniform 
refractive  index  field  n(r,$)  due  to  the  flow  of  interest.  These 
two  rays  meet  and  interfere  on  a detector  surface  at  point  P'. 

The  imaging  system  is  focused  on  the  object  plane  indicated  in 
the  figure  so  that  the  interferogram  appears  to  be  an  image  of 
fringes  in  the  plane  containing  point  P within  the  test  object. 
The  optical  path  difference  which  can  be  determined  from  the 
fringe  pattern  is  given  by  equation  ( 1 ) : 


^ pB  __ 

= JAn(r,#)ds  + n*(BC  - DE  - EF) 


( 1 ) 


This  expression  for  the  optical  pathlength  difference  can  be 
thought  of  as  a "pathlength  transform"  which  must  be  inverted  to 
determine  the  refractive  index  given  measured  values  of  the 
optical  pathlength. 


Fortunately  in  many  cases  refraction  is  sufficiently  small 
that  both  rays  contributing  to  the  interference  pattern  at  point 
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P'are  very  nearly  straight  lines  passing  in  the  same  direction 
through  the  neighborhood  of  point  P.  We  refer  to  this  as  the 
refractionless  limit . a situation  which  usually  can  be  assumed  in 
aerodynamics  if  shocks  are  not  present.  In  this  case  the  path 
integral  of  equation  (1)  simplifies  to  the  following  line 
integral : 


(/»,£•)  = [n(r  ,♦)  - n0  ]dz.  (2) 

To  evaluate  an  interf erogram  we  must  carry  out  the  following 
steps: 

1 . Measure  the  location  of  the  fringes  and  convert  them  to 
a phase  distribution. 

2.  Invert  an  equation  such  as  (1)  or  (2)  above  to  convert 
the  phase  distribution  to  a refractive  index  distribution 
within  the  fluid. 

3.  Convert  the  distribution  of  refractive  index  to  a 
distribution  of  some  fluid  property  (for  example  mass 
density) . 

4.  Possibly  convert  the  distribution  of  this  fluid  property 
to  a derived  property  (such  as  velocity  of  a compressible 
flow) . 

Consider  the  simplest  case  of  a boundary  layer  like  flow 
over  a flat  surface.  The  refraction  effects  are  negligible,  the 
flow  and  refractive  index  fields  have  essentially  no  variation  in 
the  z direction,  and  the  holographic  object  wave  is  a plane  wave 
such  that  all  optical  rays  are  essentially  straight  lines 
parallel  to  the  surface.  In  this  case,  which  is  shown 
schematically  in  figure  3*  fringes  are  nonlocalized , i.e.  they 
can  be  observed  in  any  plane  normal  to  the  z axis.  The  fringe 
pattern  is  shown  schematically  in  this  figure.  Fringe  numbers 
are  assigned  as  indicated  and  as  shown  in  equations  (3)  and  (4), 
the  determination  of  the  refractive  index  distribution  is  quite 
simple . 


A®( y)  = \ [n(y ) - n0 ]dz 

J o 

= [n( y ) - n*]L  = NA 

(3) 

n(y)  - n0  = N A /L 

(4) 

Now  suppose  that  a diffusing  screen,  for  example  a plate  of 
ground  or  opalized  glass  is  placed  behind  the  test  section  as 
shown  in  figure  4.  Three  things  will  be  different  in  this 
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interf erogram  than  in  that  considered  above.  First,  the  fringe 
pattern  will  be  viewable  from  a variety  of  directions  by  the 
unaided  eye  or  a camera.  Second,  the  fringes  will  appear  to  be 
localized  in  space,  as  indicated  in  the  figure.  This  means  that 
the  eye  or  other  viewing  instrument  must  be  focused  on  the  region 
of  apparent  localization  of  the  fringes.  For  information  about 
the  phenonmenon  of  fringe  localization,  see  reference  1.  Third, 
the  interf erogram  will  now  contain  laser  speckle.  That  is,  the 
fringes  will  be  a modulated  speckle  pattern. 

To  first  approximation,  the  fringes  will  be  localized  in  the 
region  given  by  equation  (5): 

j£r[n(y)  - n0  ]zdz 

11 ( 5 ) 

^Cn(y)  - n©  3 d z 

This  means  that  the  fringes  appear  to  the  observer  to  be  at  the 
centroid  of  the  normal  transverse  gradient  of  the  field.  An  in- 
depth  analysis  of  this  type  of  fringe  localization  is  given  in 
reference  2.  In  the  case  of  reasonably  simple  two-  or  three- 
dimensional  fields,  this  localization  gives  the  observer  some 
qualitative  understanding  of  the  structure  of  the  distribution. 
Decker  (ref.  3)  has  shown  that  fringe  localization  in  rapid- 
pulsed  interf erograms  of  complicated  compressible  flows  leads  to 
a very  useful  flow  visualization  technique. 

An  important  technique  for  increasing  the  information 
content  of  an  interf erogram  is  to  use  two  reference  waves  when 
forming  the  hologram  as  shown  in  figure  5.  Reference  wave  R1  is 
used  to  record  the  first  holographic  exposure  (no  flow). 

Reference  wave  R2  is  used  to  make  the  second  holographic 
recording  (with  flow).  After  the  hologram  is  developed  if 
reconstruction  waves  identical  to  R1  and  R2  are  used,  the 
interf erogram  will  appear  precisely  as  in  figure  3(b).  However, 
if  we  tilt  the  reconstruction  wave  R2  slightly  relative  to  R1  we 
may  form  a pattern  such  as  that  in  figure  5(b).  Knowing  the 
amount  and  direction  of  tilt,  we  will  know  the  sign  of  the 
gradient  of  refractive  index  change  (ref  9)*  This  sign  cannot  be 
determined  from  the  interf erogram  in  figure  3(b)  unless  we 
understand  the  physics  of  the  flow. 

The  use  of  dual  reference  beams  also  enables  one  to  apply 
discrete  phase  shift  interferometry  (or  quasiheterodyne 
interferometry).  In  this  case  the  reconstruction  waves  are 
identical  to  R1  and  R2  so  that  the  interf erogram  appears  as  in 
figure  3(b).  The  irradiance  at  any  point  (x,y)  can  be  written  as 

Ij(x,y)  = I©[1  + cos(A$)]  (6) 
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Now  suppose  that  we  sequentially  introduce  a phase  shift  first 
of  +120*  and  then  of  -120*  into  one  of  the  reconstuction  waves, 
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at  a point  one  can 

calculate  the  corresponding  phase  difference.  This  technique  has 
several  advantages.  First,  it  is  naturally  adapted  to  the  use  of 
solid-state  array  video  cameras  and  digital  data  processing. 
Second,  problems  of  sign  ambiguity  can  be  overcome.  Third,  the 
distribution  of  phase  or  optical  pathlength  can  be  calculated 
with  great  accuracy,  regardless  of  variations  of  background 
irradiance.  Useful  papers  on  the  topic  include  those  of 
Dandliker,  et . al  (ref  4.)  and  Hariharan,  et.  al.  (ref.  5). 

A third  two-reference  wave  technique  based  on  analog  rather 
than  digital  electronic  processing  is  heterodyne  holographic 
interferometry . Two  separate  holographic  exposures  are  recorded 
as  above.  The  resulting  hologram  is  illuminated  with 
reconstruction  waves  idential  to  R1  and  R2.  However,  one  of 
these  recostruction  waves  is  shifted  in  temporal  frequency  by  an 
amount/l.  The  resultant  time-varying  irradiance  at  a point  (x,y) 
is  given  by  equation  (10). 

I ( x , y , t ) = 1 0 [ 1 + cos  (/it  +a?)]  (10) 

From  equation  (10)  it  can  be  seen  that  the  desired  optical 
pathlength  difference  appears  as  a phase  of  a sinusoidal 
irradiance  which  can  be  detected  by  a sensor  such  as  a 
photomultiplier  tube  or  a photodiode  because  the  frequency  is 
sufficiently  low  (typically  100k  Hz).  The  resultant  signal  can 
be  fed  into  an  electronic  processor  such  as  a phase  meter  or 
lock-in  amplifier  to  determine  the  phase  at  any  point.  This 
technique  is  capable  of  high  sensitivity  up  to  the  order  of 
^/1000,  and  the  relative  sign  of  the  shift  in  phase,  or 
equivalently  optical  pathlength,  can  be  determined  across  the 
entire  field.  Figure  6 is  a diagram  of  a heterodyne  system  used 
for  interferometric  measurements  of  temperature  distributions  in 
gasses  (ref.  6).  A detailed  discussion  of  the  theory  and 
technology  of  heterodyne  holographic  interferometry  is  given  in 
the  review  article  by  Dandliker  (ref.  7). 
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MULTIDIRECTIONAL  INTERFEROMETRY 


It  was  noted  above  that  if  the  test  section  is  back 
illuminated  with  a diffusing  screen  a holographic  interf erogram 
can  be  viewed  from  many  different  directions.  This 
multidirectional  property  is  unique  to  holographic  interferometry 
and  is  its  richest  source  of  information  content.  Other  ways  of 
creating  multidirectional  interf erograms  are  indicated  in  figure 
7.  These  include  the  use  of  phase  gratings  to  break  an  incoming 
plane  wave  into  a number  of  plane  waves  traveling  in  various 
directions  through  the  test  section,  the  use  of  multiple 
collimated  beams,  and  the  use  of  a fixed  object  wave  through 
which  the  object  itself  rotates.  Regardless  of  which  technique 
is  used  to  record  the  multidirectional  interf erograms , one 
obtains  measurements  of  line  integrals  of  the  refractive  index 
distribution  corresponding  to  each  direction  of  view.  This  is 
indicated  in  figure  8.  With  reference  to  this  figure,  the 
optical  pathlength  difference  along  a typical  line  through  the 
test  object  can  be  written  as: 

£|(p,«0  = JJf(r,$)&[p  - r sin(#  - -©Odxdy 

S AN(p,^)  (11) 


Where  f(r,$)  * n(r,*)  -n# , g is  the  Dirac  delta  function,  A is  the 
wavelength  of  light  and  N(p,$0  is  the  fringe  order  number  at 
point  P.  The  set  of  all  line  integrals  (eq.  (11))  through  a 
plane  in  the  test  region  is  know  as  the  Radon  transform  (ref.  8). 
Reconst rution  of  the  desired  distribution  f(r,$)  is  accomplished 
by  computing  the  inverse  Radon  transform: 


f ( r , ♦ ) 


(d  N/i p ) dp 
sin(  ♦ - ■©■) 


P 


(12) 


Computation  of  such  reconstruction  from  projections  is  known  as 
computed  tomography . Because  of  the  applicability  of  this 
computational  technique  to  many  scientific  and  engineering 
fields,  predominantly  x-ray  and  nuclear  medicine,  a very  large 
literature  exists,  and  is  reviewed  in  reference  8.  Examples  of 
the  combination  of  multidirectional  holographic  interferometry 
and  computed  tomography  to  fluid  mechanics  and  heat  transfer  are 
given  in  references  9 and  10,  respectively.  An  application  to 
helicoptor  rotor  aerodynamics,  in  which  data  are  gathered  using  a 
configuration  like  figure  7(d)  is  given  by  Kittleson 
(ref.  11).  A proposed  extension  of  this  technique  to  cases  in 
which  refraction  causes  appreciable  bending  of  the  probing 
optical  rays  is  given  in  reference  12. 
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RELATION  OF  REFRACTIVE  INDEX  TO  OTHER  PHYSICAL  PROPERTIES 


Once  an  interf erogram  has  been  analyzed  to  determine  a 
spatial  distribution  of  refractive  index,  this  must  in  turn  be 
related  to  the  physical  property  of  interest.  Although  this  is  a 
very  important  step  in  information  retrieval  from  interf erograms , 
we  will  not  review  this  topic  in  detail  here.  The  reader  may 
refer  to  reference  1 for  further  information.  However,  we  note 
that  in  aerodynamics  the  desired  relation  is  quite  simple,  namely 
the  Gladstone-Dale  relation 


n - 1 = K p 


(13) 


Where  K is  the  Gladstone-Dale  constant  of  the  gas  and  p is  its 
density.  In  some  cases  another  derived  property  can  in  turn  be 
computed  from  knowledge  of  the  distribution  density.  For 
example,  if  a compressible  gas  flow  can  be  considered  essentially 
isentropic  the  velocity  can  be  computed  using  equation  (14). 


v 


® t 


(14) 


Where  ct  and  pt  are  the  speed  of  sound  and  density  at  stagnation 
conditions,  respectively,  and  2f  is  the  ratio  of  specific  heats 
of  the  gas.  In  reference  13  distributions  of  Mach  number  in  a 
transonic  flow,  determined  in  this  manner,  are  presented. 


ANALYSIS  OF  FRINGE  PATTERNS 

Having  described  the  general  information  content  of 
holographic  interf erograms , we  now  turn  to  the  problems 
associated  with  direct  analysis  of  fringe  patterns  to  determine 
the  distribution  of  fringe  order  across  an  interf erogram . 

Ideally  this  shold  be  a reasonably  straightforward  task. 

Consider  the  interf erogram  in  figure  9.  The  broad  region  around 
the  periphery  of  the  pattern  serves  as  a reference  region  in 
which  no  change  has  occured,  so  it  is  assigned  the  fringe  order 
number  N * 0.  The  center  of  the  first  dark  fringe  is  assigned 
the  value  N s 0.5,  the  center  of  the  next  bright  fringe  is  N * 
1.0,  etc.  It  should  be  a reasonably  simple  matter  to  digitally 
preform  the  assignment  of  fringe  order  number  in  this  manner,  and 
automation  should  be  possible.  However,  there  are  a few 
difficulties.  First,  unless  the  operator  understands  the  physics 
of  the  problem  there  is  no  way  of  knowing  whether  the  fringe 
order  numbers  are  positive  or  negative.  Second,  if  the  fringes 
are  rather  broad  there  may  be  some  difficulty  identifying  their 
precise  centers,  and  knowing  values  just  at  the  fringe  centers 
may  not  give  a high  enough  density  of  data  to  analyze  the 
physical  properties  of  interest.  Also,  the  fringes  may  be  so 
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finely  spaced  that  resolving  them  is  difficult.  Nonetheless, 
with  an  ideal  interf erogram  as  in  figure  9 a high  degree  of 
automation  should  be  possible.  Unfortunately,  in  many 
experiments  in  fluid  mechanics  and  combustion  the  interf erograms 
may  be  far  less  than  ideal.  Figure  10  represents  an 
interf erogram  exhibiting  many  of  the  problems  that  can  occur  in 
practice.  Among  difficulties  that  make  analysis  difficult, 
especially  automated  analysis,  are  the  following: 

1 . Discontinuous  fringes 

2.  Extraneous  fringes 

3.  Broad,  "cloud-like"  fringes 

4.  No  fringe  closure 

5.  Very  closely  spaced  fringes 

6.  No  region  of  known  reference  value 

7.  Inadvertent  wedge  fringes 

8.  Unknown  sign  of  fringe  order 

9.  Nonuniform  background  irradiance 

10.  Caustics  due  to  refraction  and  diffraction 

11.  Data  blocked  by  opaque  objects 

12.  Diffraction  by  solid  boundaries 

13.  Laser  speckle 

Some  of  these  difficulties  can  be  eliminated,  or  alieviated 
by  the  use  of  the  various  two-reference-wave  techniques 
discussed  above.  Most,  however  are  present  regardless  of  how  the 
inter ferogram  is  recorded.  Some  of  these  factors  lead  inevitably 
to  errors  in  results,  and  some  generally  will  require  human 
interpretation  based  on  experience  and/or  knowledge  of  the 
physics  of  the  problem.  Most  are  quite  likely  to  cause  serious 
difficulties  if  one  attempts  to  fully  automate  the  readout 
process . 

With  the  warning  of  these  difficulties  in  mind,  we  now 
consider  the  basic  tasks  which  must  be  undertaken  by  readout 
systems  which  are  automated  to  some  extent.  It  is  convenient  to 
divide  the  problem  into  two  categories:  Local  an  Sly  ,3.1.8,  (i«e» 

along  single  line  scans),  and  global  analysis  (i.e.  over  a two 
dimensional  interf erogram) . The  local  problem  can  be  approached 
by  reasonably  classical  data  analysis  techniques.  The  global 
problem  is  basically  one  of  digital  image  processing. 

Line  scan  data  are  usually  obtained  by  one  of  three  means: 
scanning  with  a photodetector  or  microdensitometer,  scanning 
with  a video  camera,  or  recording  the  output  of  a solid-state 
photodetector  array.  In  any  of  these  cases  the  data  to  be 
computationally  analyzed  consist  of  a vector  of  irradiance 
values.  Because  of  problems  such  as  nonuniform  background 
irradiance,  laser  speckle,  and  variable  fringe  spacing,  a simple 
approach  of  finding  the  maxima  and  minima  in  this  spector  of 
irradiance  values  generally  is  quite  insufficient.  One  approach, 
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which  is  particularly  suited  to  widely  spaced  fringes,  is  to 
interpolate,  generally  through  the  use  of  curve  fitting.  A 
variety  of  spline  functions  and  polynomials  have  been  used  for 
this  purpose  by  various  workers.  An  effective  but 
computationally-intensive  approach  is  nonlinear  regression 
analysis  to  fit  digitized  irradiance  data  to  the  following 
function  which  represents  the  general  form  of  a fringe  pattern: 

I(x)  = b(x)  + a(x)  cos[zTJ(x)]  (15) 

In  equation  (15)  b(x),  a(x),  AiJ(x)  represent  the  background 
irradiance,  the  fringe  amplitude,  and  the  unknown  optical 
pathlength  difference,  respectively.  Each  of  these  can  be 
represented  by  a polynomial  or  other  functional  representation 
including  unknown  constants.  By  nonlinear  regression  analysis 
the  unknown  constants  can  be  determined  to  fit  the  data  optimally 
with  respect  to  some  criterion.  Figure  11  shows  raw  data 
containing  a lot  of  noise  (laser  speckle)  and  a curve  of  the  form 
of  equation  (15)  fitted  to  it  by  regression  analysis  (ref.  1M). 

Because  of  the  basically  periodic  nature  of  interference 
fringes  the  Fourier  transform  can  be  used  to  analyze  data 
accumulated  by  a line  scan.  The  spatial-frequency  spectrum  of 
the  irradiance  data  is  computed  using  a fast  Fourier  transform 
algorithm.  Some  filtering,  for  example  by  the  use  of  a Hanning 
window,  and  separation  from  carrier  frequencies  are  generally 
required.  The  appropriately  filtered  spectrum  can  then  be 
inverted  by  an  FFT  routine  to  determine  the  distribution  of  phase 
(optical  pathlength  difference).  A discussion  of  this  approach 
and  examples  of  its  use  with  real  interf erograms  is  presented  in 
reference  15. 

Two  basic  issues  immediately  confront  the  designer  of  a 
system  for  global  (two-dimensional)  analysis  of  interf erograms . 
The  first  is  the  basic  strategy,  i.e.  to  consider  the 
interf erogram  to  be  a collection  of  individual  line  scans,  or  to 
connect  and  track  each  fringe.  The  second  is  to  determine  the 
extent  of  automation,  i.e.  what,  if  any,  degree  of  interaction 
with  a knowledgeable  operator  is  permissable.  An  example  of  a 
highly  interactive  approach  is  that  given  by  Funnell  (ref.  16), 
and  an  example  of  a quite  highly  automated  system  is  that  of 
Becker,  et  al  (ref.  17).  Systems  of  intermediate  degrees  of 
automation  are  described  in  detail  in  the  paper  by  Cline,  et.  al. 
(ref.  18)  the  thesis  of  Choudry  (ref.  19). 

Generally  the  tasks  to  be  performed  by  an  automated  fringe 
read  out  system  constitutes  some  subset  of  the  following: 

1 . Pre-processing 
Digitization 
Filtering 


Contrast  enhancement 
Smoothing 

Boundary  specification 

2.  Fringe  Tracking  and  Interpretation 

Segmentation 

Fringe  edge  detection 

Detection  of  obstacles 

Detection  of  fringe  intersections 

Fringe  numbering 

Noise  reduction 

Polynomial  fitting 

Operator  interaction 

3.  Data  Display 

Isometric  representation 
Wire  frame 
Contour  plot 
Shaded  surfaces 

Details  of  systems  developed  by  various  workers  are  presented 
elsewhere  in  these  proceedings. 

It  should  be  noted  that  there  are  some  applications  in  which 
a high  degree  of  automation  is  possible  because  the  required 
information  is  modest.  For  example  in  applications  to 
nondestructive  testing  the  presence  of  a flaw  may  be  made  known 
simply  by  a locally  high  density  of  fringes.  A fully  automated 
system  for  this  case  is  described  in  reference  20. 


CLOSING 

It  is  clear  that  a large  amount  of  information  about  an 
experiment  in  fluid  mechanics  or  combustion  diagnostics  can  be 
encoded  in  a holographic  interferogram . The  concepts  and  basic 
means  for  interpreting  fringe  order  data  are  well  known,  although 
in  practice  serious  computational  problems  may  be  encountered. 
Perhaps  the  most  pressing  problems  in  the  field  is  that  addressed 
in  this  workshop,  namely  the  automated  analysis  of  interferograms 
to  provide  fringe  order  data.  In  many  applications  this  presents 
a formidible  image  processing  problem.  Furthermore,  in  most 
applications  significant  interaction  with  a knowledgeable 
operator  is  likely  to  be  required.  As  a closing  comment  I would 
like  to  note  that  the  problem  of  automated  fringe  analysis  may  be 
ripe  for  application  of  concepts  of  artficial  intelligence, 
particularly  expert  systems. 
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Figure  2.  Ray  optics  of  interf arorgraa  formation. 
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Figure  3«  Formation  of  an  interf erogram  with  a plane  object 
wave.  The  fringes  are  not  localized. 


LOCALIZED 


DIFFUSING  A 

SCREEN 

Figure  4.  Formation  of  a holographic  interf erogram  with  diffuse 
illumination.  The  fringes  appear  to  be  localized,  and 
they  can  be  viewed  from  many  different  directions. 
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6.  Heterodyne  holographic  intef erometer 
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Viewing 
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Figure  7.  Techniques  for  recording  multidirectional  holographic 
intrf erograma . 


Figure  8.  Nomenclature  for  multidirectional  interferometry. 
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Figure  9.  Ideal  interf erogram . 
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Figure  10.  Interf erograa  exhibiting  laser  speckle  and  other 
problems  encountered  in  practice. 
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Figure  11.  Irrmdianoe  distribution  from  real  interf erograa 
containing  speckle  noise.  The  solid  curve  was 
determined  from  these  data  by  nonlinear  regression 
analysis . 
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General  purpose  fringe  analysis  system 
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DEVELOP  SOFTWARE  AND  HARDWARE  TO  AUTOMATE  THE 
PREVIOUS  STEP 

ANALYZE  THE  FLIGHT  HOLOGRAMS 


INTERFEROMETRY  AT  NASA  LEWIS 

Arthur  J.  Decker 
NASA  Lewis  Research  Center 
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ARTHUR  decker  single  exposure  deflectometry 

ROBERT  ANDERSON  SPATIAL  SPECTRUM  ANALYSIS 

IMAGE  ANALYSIS 
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HOLOGRAPHIC  OPTICAL  CANCELLATION  OF  TO  BE  USED  WITH  IMAGING 

ELEMEN1S;  AtiBERATlONS  IN  BYSTEM  AND  COPPER  VAPOR 

HAROLD  SHOCK  SAPPHIRE  CYLINDER  LASER  FOR  SPECKLE  PHOTOGRAPHY 


INSTRUMENTATION  & CONTROL  TECHNOLOGY  OFFICE 


o 

OC 

o 


if) 

< 

z 


48 


N87- 29434 


Transonic  Rotor  Flow-Measurement  Technique  Using  Holographic  Interferometry 

John  K.  Kittleson*  and  Yung  H.  Yu*  /&  3 ^3 

U.S.  Army  Research  and  Technology  Laboratories  - AVSCOM 
NASA  Ames  Research  Center,  Moffett  Field,  California 


Abstract 

Holographic  interferometry  is  used  to  record  interferograms  of  the  flow 
near  a hovering  transonic  rotor  blade.  A pulsed  ruby  laser  recorded  40  inter- 
ferograms with  a 2-ft-diam  view  field  near  the  model  rotor-blade  tip  operating 
at  a tip  Mach  number  of  0.90.  This  paper  presents  the  experimental  procedure 
and  example  interferograms  recorded  in  the  rotor's  tip-path-plane.  In  addi- 
tion, a method  currently  being  pursued  to  obtain  quantitative  flow  information 
using  computer-assisted  tomography  (CAT)  with  the  holographic  interferogram 
data,  is  outlined. 


*Research  Engineers. 
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INTERFEROGRAMS  AT  VARIOUS  AZIMUTHAL  ANGLES 


Flow  Over  Cavities 


Bill  Walker 

U.  S.  Army  Missle  Command 


The  aerodynamics-optics  problem  over  cavities  is  being 
studied  by  double  pulse  holographic  interferometry.  Air  flow 
over  a double  cavity  of  rectangular  shape  and  the  effects  of 
the  shear  layer  on  laser  beams  traversing  through  the 
cavities  was  investigated.  The  degradation  of  the  flow  in 
second  cavity  due  to  the  first  cavity  strongly  influenced  the 
beam  traversing  the  second  cavity. 
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HOLOGRAPHIC  APPLICATIONS  AT  ARNOLD  ENGINEERING  DEVELOPMENT  CENTER 


Marshall  Kingery 
AEDC 
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STRESS  ANALYSIS 
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AEDC  MISSION 
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SPACE  SIMULATION 


HOLOGRAPHIC  APPLICATIONS  TO  FLUID  MECHANICS 
Gary  Lynch 

U.S.  Air  Force  Weapons  Laboratory 
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EXPERIMENTAL  DESIGN  PROBLEMS 
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TEMPERATURE  CONTROL  (air-water) 


ADDITIONAL  APPLICATIONS 
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N87- 29435 


Holographic  Inteferometry  at  Wright 
Aeronautical  Laboratories 


/) f>  E QfJ- 

/63Wh 


Mel  Roquemore 

U.  S.  Air  Force  Wright  Aeronautical  Laboratories 


Described  the  optical  diagnostics  requirements  and  plans 
for  the  Aero  Propulsion  Laboratories  at  the  U.  S.  Air  Force 
Wright  Aeronautical  Laboratories.  This  laboratory  is 
performing  work  in  combustion  as  related  to  aero  propulsion 
systems.  They  would  like  to  use  holography  and  other  types 
of  optical  instrumentation  for  combustion  diagnostics  and 
flow  visualization.  A movie  of  a laser  light  sheet  flow 
visualization  of  a combustor  in  operation  was  shown.  This 
movie  showed  extremely  clear  examples  of  vortical  and 
unsteady  flows,  and  it  would  be  of  interest  to  use  image 
analysis  to  quantify  such  data. 
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STATUS  OF  HOLOGRAPHIC  INTERFEROMETRY 
AT  WRIGHT  PATTERSON  AIR  FORCE  BASE 

by 

Dr.  George  Seibert  - AFWAL 


At  Wright  Patterson  Air  Force  Base,  holographic 
interferometry  has  been  used  for  nearly  firteen  years  in  a 
variety  of  supersonic  and  hypersonic  wind  tunnels. 
Specifically,  holographic  interferometry  has  been  used  to 
study  boundary  layers,  shock  boundary  layer  interaction,  and 
general  flow  diagnostics.  Although  a considerable  amount  of 
quantitative  work  is  done,  the  difficulty  of  reducing  data 
severly  restricts  this.  In  the  future,  it  is  of  interest  to 
use  holographic  interferometry  in  conjuction  with  laser 
Doppler  velocimetry  to  do  more  complete  diagnostics.  Also, 
there  is  an  interest  to  do  particle  field  diagnostics  in  the 
combustion  research  facility.  Finally,  there  are  efforts  in 
non-destructive  testing  where  automated  fringe  readout  and 
analysis  would  be  extremely  helpful. 
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Welding  Arc  and 
Multipass 


Plasma  Studies  Using  Real  Time, 
Holographic  Interferometry 


Vance  Deason 
EG&G  Idaho,  Inc. 

Idaho  National  Engineering  Lab. 


Flow  visualization  of  the  plasma  process  in  a welding  arc  is 
being  studied  with  a multipass  Argon-ion  interferometer. 

High  speed  movies  at  10,000  frames  per  second  are  taken.  The 
multipass  interferometer  and  several  interferomgr ams  of  the 
plasma  near  the  electrode  of  the  welding  arc  are  given  in  the 
following  photographs.  Digitization  of  the  fringes  is 
currently  done  by  hand. 
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Holographic,  Particle  Imaging  and  Data  Reduction 
at  Spectron  Development  Laboratories 


J.  D.  Trolinger 

Spectron  Development  Laboratories 


Spectron  has  been  deeply  involved  in  the  development  and 
use  of  a wide  variety  of  particle  and  flow  diagnostic, 
electro  optical  instruments  for  the  past  twelve  years. 
Holography  and  imaging  systems  have  played  an  important 
role  in  this  work,  but  the  extraction  of  data  from  images 
and  holograms  have  always  presented  a limit  in  their  use. 

We  have  been  working  on  systems  and  techniques  to  speed  up 
and  automate  the  extraction  of  data  from  holographic  and 
conventional  inter ferograms , particle  images  and  holograms, 
and  other  types  of  optical  flow  visualization  techniques. 

We  have  developed  an  IBM/AI  based  image  analyzer  that  is 
capable  of  automatically  analyzing  many  useful  image  types 
including  i nter f erogr ams . A key  feature  of  this  system  is 
the  low  total  cost  of  the  required  hardware.  In  the 
particle  field  work  we  have  also  adapted  a commercial 
diffraction  field  analyzer  to  the  image  reconstructed  from 
a hologram.  This  could  expand  the  use  of  holography  in 
particle  diagnostics  greatly. 
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HOLOGRAPHY  IN  THE  UNITED  KINGDOM 
Peter  Bryanston-Cross,  Cambridge,  England 


People  in  the  UK  Working  in  Holography 


Cambridge  TopExpress  P. Bryanston-Cross 
Cambridge  PA  Technology  P. Story  ( 

Rolls  Royce  Derby  R.  Parker 
Rolls  Royce  Derby  I.  Davidson 
CEGB  Southampton  J.  Webster 
University  College  London  D.Preater 
University  Colie ge  London  M . Coll  ins 
Loughborough  University  N. Philips 
Richmond  Holographic  P. Miller 
Applied  Holographic  H. Shearer 
Nottingham  Univerity  D.Lempart 
Oxford  University  Solymar 


( Transonic  Flows  ) 
Holographic  Optical  Components) 
( Gas  Turbine  Engines) 
( Gas  Turbine  Engines) 
( Nuclear  Fuel  Rods) 
( Rotating  Surfaces) 
( Low  Speed  Heat  Transfer) 
( Holographic  Research) 
( Pictorial  Holography  ) 
( Pictorial  Holography  ) 
( Mass  Transfer  Analogy  ) 
( Holographic  Optical  Elements) 
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Holographic  Data  Reduction. 

There  are  several  current  problems  in  holographic  data 
reduct i on . 

1.  The  quantity,  unless  the  holographic  image  can  be  reduced 
to  a single  gray  level  low  resolution  picture,  the  amount  of 
data  tends  to  prevent  the  use  of  sophisticated  computer  data 
reduction  techniques.  The  size  of  the  number  field  and  the  time 
taken  to  process  the  data  can  prevent  all  but  the  simplest 
oper p t i ors . 

2.  In  many  fluid  dynamic  cases  the  physics  of  the  fluid  has  to 
solved  simultaneously  with  the  collection  of  data.  There  is 
little  point  in  accumulating  data  mountains  without  being  able 
to  interpret  them. 

3.  Often  because  of  the  expense  of  the  experiments  they  can 
only  be  held  together  for  a short  period.  The  more  complicated 
the  measurement  system  the  higher  the  risk  of  a negative  result. 

а.  The  experiment  must  be  interpreted;  the  concept  of  optical 
phase  changes  and  refractive  index  bending,  is  not  within  the 
common  experience  of  many  Engineers.  This  lack  of  knowledge  car. 
produce  ambiguity  and  error. 

5.  Particular  holographic  features,  such  as  found  in  three 
dimensional  flow  fields  are  difficult  to  digitize,  there  being 
an  optical  trade  off  between  resolution  and  speckle  noise. 
It  is  noted  that  the  three  dimensional  refractive  index  field 
solvers  tend  to  require  large  angles  of  view  which  is  often 
incompatable  with  actual  experiment.  If  also  the  refractive 
index  field  is  a well  behaved  continiuum  then  a reconstruction 
depth  of  field  of  the  similar  size  is  needed,  otherwise  the 
fringe  data  can  be  incoherently  washed  out. 

б.  In  the  case  of  the  British  CEGE  the  standard  of  each  o 
components  had  to  be  raised  until  they  could  reach  their  ’real 
image  lOmicron  measurement  point’.  This  is  the  accuracy  they 
required  to  measure  the  distortion  in  a nuclear  fuel  rod.  This 
has  ment  using  very  large  diffraction  limited  lens’s  and 
specially  made  holographic  plates.  They  are  now  learning  how  to 
image,  a projected  holographic  real  image,  into  a TV  camera  and 
eventually  digitally  store  selected  test  points  on  the  rod  into 
a.  computer. 

7.  Rolls-Royce  UK  currently  manually  spend  about  half  an  hour 
digitizing  each  hologram  of  a.  three  dimensional  flow  fields. 
They  complete  large  scale  holographic  tests  every  two  months, 
during  which  they  will  make  approximately  200  holograms.  After 
each  test  many  hours  are  spent  logging  the  data  into  their 
computer s . 
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8.  High  power  pulse  lasers  are  expensive  and 
transported  with  some  care.  Failure  in  their 
produce  ambiguities  in  the  holograms  which  either 
result  or  prevent  logical  analysis. 


can  only  be 
operation  can 
degrade  the 


Holographic  analysis  is  now  being  used  in  many  1 abor ator i es . In 
conclusion,  though  the  technique  of  ruby  pulse  holography  is 
difficult  and  expensive.  It  is  the  only  diagnostic  method 
currently  available  which  produces  a whole  field 
visualization  quickly,  in  three  dimensions,  of  a transonic 
flow.  It  also  has  micron  resolution  of  surfaces  upto  10m  in 
size. 
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Current  Research  in  Cambridge, 


The  current  direction  of  research  has  been  to  develop  the 
high  resolution  image  plane  i r.  ter  f erorne  t r y a stage 
further.  It  is  now  possible  to  set  the  aerofoil  section 
dicussed  previously  at  different  angles  of  incidence  to 
the  airflow.  A dedicated  framestore  and  image  procesing 
system  has  been  constructed  so  that  it  also  possible  to 
log  photograhic  i nterf ercmetr ic  reconstucted  images 
directly  into  the  memory  of  a 16  bit  microcomputer.  It  is 
intended  that  by  making  one  ’no  flow  hologram’, 
developing  it  and  then  replacing  it  back  i r.  its  original 
position;  it  will  be  possible  to  store  the  diference 
between  the  flow  condition  ar.d  the  no  flow  condition 
directly  into  the  computer  without  an  intermediate 
photographic  stage.  The  memory  and  speed  of  the  mirco  ( 
1Mbyte  and  lOMhz  ) not  only  allows  the  storage  oi  the 
interferometric  data  but  also  has  memory  to  run  a two 
dimenion  version  of  Dentor.s  Time  Marching  method.  The 
intention  is  to  compare  the  theoretical  solution  with  the 
measured  flow  within  the  micro. 

A second  experiment  in  the  aeronautics  laboratory  is 
currently  using  holography  among  several  optical 
techniques  to  visualise  the  shock  boundary  layer 
interaction  under  a vibrating  (100  Hz)  normal  shock. 

Non  holographic  image  processing  is  being  researched  for 
three  dimensional  vortical  structures  in  water.  A system 
has  also  been  devloped  using  Moire  grids  to  visualise  a 
mercury  suface  as  it  deformed  by  the  action  of  a 
powerful  magnet ic  field. 

TopExpress  in  Cambride  is  currently  active  in  particle 
tracking  in  water , and  in  the  interpretation  of  sater 1 i te 
data.  It  is  intended  that  the  laser  holographic 
turbocharger  test  be  developed  to  a second  stage  where, 
holography  could  be  used  to  monitor  the  change  i r.  shock 
structure  with  performance  change.' 
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DATA  REDUCTION  OF  IMAGES  IN  FLUID  DYNAMICS  AT  DFVLR 


J.  Kompenhans 
DFVLR 

Institut  f u r Experi mentel le  St romungsmechani  k 
Bunsenst rasse  10 
D-3400  Gotti ngen 
W. -Germany 


I.  Flow  visualization  methods  such  as: 

- Sch 1 i e ren 

- shadowgraph 

— I IILCI  I C I UlllCt  l ) 

- holography 

- surface  flow  methods 

- tracers 

- liquid  crystals  etc. 

are  widely  used  in  DFVLR  windtunnels  and  1 a bo  rat  ori  es . 

Pictures  of  Schlieren  and  liquid  crystal  flow  visualization  experiments 
have  already  been  processed  by  means  of  digital  computers. 


II.  In  the  last  two  years  some  new  projects  were  started  to  get  more 
quantitative  data  out  of  flow  visualization  pictures: 

- improvement  of  standard  flow  visualization  methods 

- test  of  new  techniques 

- improvement  of  equipment  (optics,  lasers,  tracers  etc.) 

- installation  of  an  user-friendly  image  processing  system 

- first  tests  of  data  reduction  with  our  image  processing  system 


III.  In  the  moment  there  is  need  for  automated  data  reduction  for  the 
f ol  1 owi  ng  projects  : 

SPECKLE  VELOCIMETRY  (J.  Kompenhans) 

SPECKLE  VELOCIMETRY  IN  TURBULENT  FLOW 

- cooperation  with  University  of  Oldenburg  (Prof.  Hinsch) 
and  University  of  Gottingen  (Priv.  Doz.  Dr.  Ebeling) 

- Measurements  with  the  ruby  laser  system  of  the  University 
of  Oldenburg  were  carried  out  in  the  DFVLR  Low  Turbulence 
Wi ndtunne 1 

- Specklegrams  were  taken  at  different  turbulence  levels 

- Fringe  visibility  shall  give  information  on  structure  of 
t u rbu 1 en  ce 

- Semi-automatic  data  reduction  was  tested 
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DFVLR  SYSTEM  for  speckle  velocimetry 

- Feasibility  study  was  carried  out  for  double  pulse 
Nd:YAG  laser  system 

- DFVLR  laser  system  will  be  available  in  a few  months 
PROBLEM 

- automated  data  reduction  of  specklegrams 


HYDROGEN  BUBBLE  FLOW  VISUALIZATION  in  a water  towing  tank  (Dr.  Bippes) 

- 3D  flow  visualization  by  means  of  holography 
PROBLEM 

- automated  detection  of  bubble  location 


SHOCK  CONFIGURATION  in  supersonic  corner  flow  (Niehuis) 

- tomographic  methods  for  Schlieren  flow  visualization 
PROBLEM 

- algorithm  for  tomography 


IV.  Projects  which  will  start  in  near  future*. 


LAMINAR-TURBULENT  TRANSITION,  HEAT  TRANSFER  BY  MEANS  OF  LIQUID  CRYSTALS 

(Scholer,  Dr.  Blitefisch) 

PROBLEM 

- automated  detection  of  the  colour  of  the  crystals  at  different 
angles  of  incident  light 


HOLOGRAPHIC  INTERFEROMETRY  (Basler) 

PROBLEM 

- automated  detection  of  interference  patterns 


84 


PULSED  LASER  VELOCIMETRY 
FOR  STUDY  OF  TURBULENT 
FLOW  STRUCTURE 


Ronald  J.  Adrian 

University  of  Illinois  at  Urbana-Champaign 
Department  of  Theoretical  and  Applied  Mechanics 
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PULSED  LASER  SYSTEM  I 


Hardware  Recording  System 


Non-holographic 

Photographic  recording  of  individual  20  jam  particle  images 
Double-pulsed  ruby  laser  sheet  @ 1J 
100  mm  x 125  mm  recorded  field 

12,500  point  grid  of  1mm  diameter  interrogation  spots 

Automatic  Interrogation  System 

0.1%  f.s.  resolution  of  2— D vector  components 

Spatial  correlation  analysis  to  determine  the  mean  displacements  of  the 
particles  in  each  interrogation  spot  in  real  time 

3.5  hours  to  interrogate  12,500  two-dimensional  vectors  using  an  LSI  11/23 
with  a SKymnk  array  processor 

PLV  THEORETICAL  ANALYSIS 

Theory  of  interrogation  by  2-D  spatial  correlation 
Signal  interpretation 

Particle  scattering  and  imaging  properties  for  air  and  water 
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PLANS 


Use  PLV  I hardware  to  measure  turbulent  convection  in  water 
New  methods  of  interrogation  for  low  image  density  gaseous  flow 
Measurement  of  velocity  polarity 

Theoretical  analysis  of  signal  interrogation  methods 

- Variance  of  displacement  estimators 

- Spatial  and  temperal  resolution  and  interpretation  of  results 

- Effects  of  particle  concentration,  particle  image  non-unif ormity 

- Effects  of  1-D  compression  on  accuracy 

- Biasing  effects  and  methods  of  compensation 

- Design  criteria 
Turbulent  Pipe  Flow 
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PULSED  LASER  VELOCIMETRY 
APPLICATIONS 
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SHEAR  LAYER  INTERACTIONS  & REATTACHMENT 
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Status  of  Holographic  Interferometry 
at  University  of  Michigan 


Charles  Vest 
University  of  Michigan 


Reflection  holograms  were  taken  of  a jet  of  air  injected 
traverse  to  a subsonic  stream.  The  technique  of  reflection 
holograms  allowed  maximum  viewing  angle  and  minimum  distance 
to  the  jet. 

Holographic  interferometry  is  being  used  to  measure  the 
temperature  distribution  in  a growing  crystal.  Computations 
of  the  temperatures  are  being  made. 

A phase  shift  interferometer  was  used  to  study  flows  with 
very  weak  changes  in  refractive  index,  of  the  order  of  1 
shift. 

Tomographic  techniques  are  being  developed  for  strong 
refractive  cases. 
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Flow  Visualization  of  Acoustic  Levitation  Experiment 


Ed  Baroth 

Jet  Propulsion  Laboratory 


Jet  Propulsion  Laboratory  is  currently  involved  in  acoustic 
levitation  experiment  for  space  application.  Holographic 
interferometry  is  being  used  to  study  the  heat  transfer  rates 
on  a heated  rod  enclosed  in  a 6-inch  cubic  chamber.  Acoustic 
waves  at  levels  up  to  150  db  increased  the  heating  rates  to 
the  rod  by  factors  of  three  to  four.  High  speed  real  time 
holographic  interferometry  was  used  to  measure  the  boundary 
layer  on  the  heated  rod.  Data  reduction  and  digitization  of 
the  i nter f erogr ams  are  being  implemented. 
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ItiUMiQHALUL  SUM 


TOWARD  AUTOMATED  ANALYSIS  OF  PARTICLE  HOLOGRAMS 


H.J.  Caulfield,  Aerodyne  Research,  Inc.,  45  Manning  Road,  Billerica  MA  01821 

ABSTRACT 

A preliminary  study  of  approaches  for  extracting  and  analyzing  data  from 
particle  holograms  concludes  that 

o For  "thin”  spherical  particles  out-of-focus  methods  are  optimum, 
o For  "thin"  nonspherlcai  particles  out-of-focus  methods  are  useful 
but  must  be  supplemented  by  In-focus  methods,  and 
o A complex  method  of  projection  and  back  projection  can  remove  the 
unwanted  out-of-focus  data  for  "deep"  particles. 


I .  INTRODUCTION 

Particle  holograms  are  capable  of  Instantaneous  recording  of  a large 
three-dimensional  (3D)  field  particles.  Given  a particle  hologram,  we  might 
have  two  tasks: 

1.  Find  all  of  the  particles  and 

2.  Characterize  them. 

The  verbs  "find"  and  "characterize"  aust  be  defined  n»re  carefully  for  each 
particular  situation.  In  most  cases  this  analysis  is  carried  out  using  a 
human  observer  to 

1.  Locate  the  plane  of  best  focus  for  each  particle, 

2.  Record  the  in  focus  image, 

3.  Characterize  that  Image. 
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There  are  two  major  difficulties  with  this  human-opera  tor- based  analysis: 
one  obvious  and  one  slightly  more  subtle.  The  obvious  difficulty  Is  that 
human-based  analysis  Is  notoriously  slow,  nonre pea table,  and  (hence)  costly 
and  inaccurate.  It  is  this  analysis  bottleneck  which  keeps  particle 
holography  equipment  on  the  shelf  while  far  less  powerful  technologies  perform 
a few  of  the  tasks  holography  could  perform.  The  less  obvious  difficulty  is 
that  human-based  analysis  may  be  Inherently  less  accurate  than  analysis  based 
on  a computer  oriented  algorithm. 

This  paper  explores  past  and  current  approaches  to  computer  analysis  of 
fields  produced  by  particle  holograms  based  on  "multiplane**  algorithms. 
Multiplane  algorithms  are  based  on  data  obtained  in  several  depth  planes 
(rather  than  simply  the  "focal**  plane). 


II.  PHILOSOPHICAL  BACKGROUND 

A human  observer  looking  at  a point  of  laser  light  will  see  that  point 
clearly.  A recording  surface  moving  through  the  field  produced  by  such  a 
point  will  produce  a point  image  in  focus  and  a diffraction  pattern  out  of 
focus.  This  assymetry  between  the  human  (who  sees  only  what  is  in  focus)  and 
the  camera  (which  sees  the  out  of  focus  data  as  well)  leads  to  different  data 
analysis  schemes.  In  principle,  all  of  the  information  in  the  particle 
wavefront  is  contained  in  every  plane  (including,  of  course,  the  hologram 
plane).  Nonholographic  cameras  do  not  record  the  whole  information,  however, 
so  observations  in  different  planes  give  different  information. 


To  these  fundamental  observations  we  must  add  some  practical  ones. 
Particle  hologram  wavefronts  are  noisy  and  complicated.  Other  particles  are 
present.  Refractive  artifacts  occur.  These  complications  mean  that 
otherwise-equivalent  observations  are  not  really  equivalent.  More 
observations  can  mean  reduced  Influence  of  these  "noise"  effects. 


III.  ANALYSIS  OF  SPHERICAL  PARTICLES 


Spherical  psrticlvS 


(Tim  rati  faaH  4 n e/ima  roc  a rr  KitKKI  ae  l?Ar 
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known  spheres  only  two  questions  can  be  asked: 
1.  Where  are  they? 


and 


2-  What  are  their  diameters? 

>^£'/Che  old  (human-oriented)  approach  Is  to  move  to  the  focal  plane  and 
there  measure  the  lateral  (x-y)  position  of  the  particle's  center  and  measure 
its  diameter.  The  depth  (z)  dimension  Is  that  of  the  camera  In  the  focal 
position. 

In  the  newer  (computer  oriented)  approach,  all  of  these  quantities  are 
measured  In  out  of  focus  planes.  We  will  review  this  past  work  briefly  here. 

The  first  work  in  this  field  was  by  Vlkram  and  Billet.1  They  showed  that 
diameter  determination  was  far  more  accurate  out  of  focus  than  in  focus  simply 
because  the  pattern  la.  In  effect,  magnified.  Two  derivative  observations  can 
be  made  immediately: 
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1.  Localized  film  or  detector  noise  is  less  of  a problem  out  of  focus 
than  in  focus  and 

2.  The  centroid  of  the  sphere  (x— y location)  can  be  located  more 
accurately  out  of  focus  than  in  focus. 

The  second  work  in  this  area  was  by  Stanton,  et.al.2  They  showed  that 
1.  The  depth  of  the  particle  could  be  found  more  accurately  by  out  of 
focus  measurements  than  by  in  focus  measurements  and 
2*  This  obviates  the  need  for  searching  all  depth  planes. 

The  explanation  of  the  increased  accuracy  in  depth  (z)  location  is  a 
fairly  universal  one  worthy  of  a little  more  explanation.  If  we  plot  "spot" 
size,  s,  versus  z (z  = 0 in  focus),  we  obtain  a curve  with  a minimum  at  z ■ 0. 
We  can  seek  to  find  z ■ 0 by  the  z finding  minimum  s.  Or  we  can  measure  s at 
two  z * 0 positions  on  the  same  side  of  z « 0 and  extrapolate  to  s ■ 0.  The  z 
sensitivity 

a “ 

is  a maximum  away  from  z ■ 0 and  minimum  at  z ■ 0.  Indeed  maximum  a occurs  at 
maximum  numerical  aperture  and  way  from  z » 0. 

IV.  SHALLOW  OBJECTS 

A shallow  object  is  one  with  unresolvable  depth  information.  All  that 
counts  is  its  two-dimensional  cross  section  normal  in  x-y.  The  questions 
which  can  be  asked  include 


1.  What  Is  the  x-y-z  centroid  location? 

2.  What  is  the  shape?  (Not  a well  defined  question)  and 

3.  What  is  the  orientation? 

Whether  these  questions  can  be  answered  out  of  focus  depends  on  what  we  mean 
by  ’’shape"  and  "orientation."  Suppose  we  mean  by  "shape"  the  best  fit 
enclosing  rectangle  and  by  "orientation,"  the  direction  of  the  rectangle's 
predominant  direction.  Then  clearly  these  are  accessible  out  of  focus.  On 
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e.g.  a particle  shaped  like  a "6"  and  a particle  shaped  like  a "9". 

When  details  of  particle  shape  are  of  interest,  we  must  go  to  a focal 
plane.  This  does  not  mean,  however,  we  should  Ignore  the  out  of  focus 
information.  Extrapolation  from  out  of  focus  data  is  still  probably  the  best 
way  to  obtain  focus.  Furthermore,  the  out  of  focus  data  can  be  used,  at  the 
price  of  considerable  computational  complexity,  to  improve  our  knowledge  of 
the  in  focus  image.  The  idea,  of  course,  is  to  use  some  generalized 
Gerchberg3  algorithm  to  Iterate  back  and  forth  between  the  in-focus  image  and 
the  out-of-focus  diffraction  pattern  using 
o Known  Fraunhofer  diffraction  laws, 
o Measured  data  in  both  domains,  and 

o Imposed  constraints  in  both  domains  (e.g.  nonnegativity  in  the  image 
plane). 

Such  techniques  are  exceedingly  powerful1*  and  would,  no  doubt,  be  useful  here 
as  well. 
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V.  DEEP  OBJECTS 


The  hardest  problems  for  any  automatic,  semiautomatic,  or  even  human 
analysis  Is  the  deep  object.  Such  an  object  is  deeper  than  the  depth  of  focus 
of  its  hologram.  It  is  never  all  in  focus  in  any  plane.  Of  such  objects  we 
ask  the  usual  questions  (shape,  size,  3D  orientation,  3D  location),  but 
finding  the  answers  is  quite  difficult. 

The  first  problem  which  must  be  solved  is  that  of  separating  in~f ocus 
images  from  out  of  focus  artifacts.  In  any  depth  plane  there  are  probably 
some  of  both.  We  suggest  here  an  automated  approach  not  as  a final  solution 
but  as  a starting  place  for  more  sophisticated  analyses. 

We  might  begin  by  projection  of  the  3D  scene  into  2D.  To  do  this  we  sort 
all  x-y  pixels  by  some  focus  criterion.  That  is  at  each  x^,y^  we  examine 
each  discrete  depth.  We  might  estimate  focus  by  brightness.  Let  the 
intensity  at  x^yj  in  the  kth/  depth  slice  be  Iijk.  We  define 


P 


ijk 


max 


ijk 

Ij(k-D 


That  is,  Pijk,  is  the  largest  of  the  seen  so  far.  By  the  time  we 

have  sorted  through  all  N depth  slices,  PijN  is  a "projection"  of  the  3D 
image  into  2D  (i,j).  All  in  focus  pixels  regardless  of  their  depth  are 
collected  in  one  plane. 

The  next  step  would  be  to  reproject  PijN  back  into  3D.  The  3D 
reprojection  of  P^jjj  is 


Rijk  '{o 


ijk  if  *ijk 
otherwise 


ijN 


Thus  Rijk  should  have  no  out  of  focus  parts.  The  subsequent  analysis  must 
group  non-zero  R^j^  components  Into  likely  particles,  characterize  them, 
etc. 


VI . PROSPECTS 

The  sole  objective  of  this  paper  Is  to  point  out  numerous  opportunities 
to  explore  automated  computer  analysis  of  3D  particle  fields  obtained  by 
holography.  For  shallow  spheres  the  analysis  is  easy  and  only  implementation 
Is  needed.  For  other  shallow  objects  some  analogous  work  can  be  borrowed  from 
the  spherical  case  but  much  new  work  Is  required.  For  deep  objects,  no  work 
has  been  done.  The  critical  observation,  however,  is  that  full  automation 
appears  to  be  within  our  grasp. 
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SUMMARY  OF  PROGRAMS  IN  COMBUSTION /PARTICLE  SIZING 

Five  Minute  Informal  Presentations  of  Plans  Applications  and 
Problems . 


R. FIELD 

U.S.  Army  Armament  R&D  Center  (ARDC) 
Picatinny  Arsenal,  Dover.,  NJ 


GUN  PROPELLANT  IGNITION  and  COMBUSTION 
STUDIES  USING  HOLOGRAPHIC  METHODS 


OBJECTIVES:  FUNDAMENTAL  INFORMATION  ON  THE  PHYSICAL 

NATURE  OF  THE  COMBUSTION  PROCESSES  OF 
CONDENSED  PHASE  ENERGETIC  MATERIALS, 
ESPECIALLY  IGNITION  AND  FLAMESPREADING 


APPLICATIONS: 

• PARTICLE  FIELD  HOLOGRAPHY 

COMBUSTION  BEHAVIOR  OF  BLACK  POWDER  AND 
OTHER  IGNITER  MATERIALS 
~ PARTICLE  FORMATION  AND  DISPERSION 
- PARTICLE  SIZING  AND  VELOCITIES 

§•  PROBLEMS  - MANUAL  DATA  REDUCTION 

- RESOLUTION  IS  VARIABLE  FUNCTION 
OF  THE  COMBUSTION  PROCESS,  E.G., 
NOISE  DUE  TO  SMOKE  SCATTERING 
AND  THERMAL  CELLS 


• FLOW  VISUALIZATION 
FLAME  STRUCTURES 

FULL  FIELD  VISUALIZATION  OF  TRANSIENT 
PROCESSES,  I.E.,  IGNITION  AND  FLAMESPREADING 

•9  PROBLEMS  ~ COMPLEXITY  OF  REACTIVE  FLOWS 

IS  NOT  EXTERNALLY  CONTROLLABLE; 
EXTRACTION  OF  QUANTITATIVE  DATA 
IS  UNCERTAIN 
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Temperature  and  Concentration  Measurements  in  Combustion 


Takashi 
National  Bureau 


Kashiwagi 
of  Standards 


A high  speed  two  wavelength  holographic  interferometer  is 
being  used  to  simultaneously  measure  temperature  and 
concentration  distributions  for  ignition  and  flame  spread. 
Lines  from  a c w C02  laser  was  used  and  the  holograms 
recorded  on  movie  at  500  frames  per  second,  individual  frames 
were  digitized  with  a mirco-densitometer . The  detection  on 
the  fringe  center  was  a major  problem. 
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PARTICLE  DATA  REDUCTION  IN  JAPAN 


Mitsushige  NAKAYAMA 

Department  of  Mechanical  Engineering, 
Gunma  University 


1-5-1  Tenjin-cho,  Kiryu,  JAPAN  376 


1.  INTRODUCTION 

The  author  is  engaged  in  research  of  the  characterization  of 
atomized  particles  generated  by  various  atomizer  (Refs.  1.2)  and  the 
mechanisms  of  their  evaporation  and  combustion  processes  (Refs.  3,  4, 
5,  6,  7) 

In  the  course  of  his  research,  he  has  felt  the  needs  for 
visualizing  the  internal  structures  of  flames  including  evaporation 
and  combustion  processes  as  well  as  for  a better  way  of  understanding 
spray  particle  generation  mechanisms  and  internal  structures,  and  for 
the  information  of  the  system  user,  he  is  using  a particle  sizer  based 
on  a Fraunhofer  diffraction  for  detecting  particle  size  and  in-line 
Fraunhofer  holograms  for  observation  of  local  spray  particles. 
Recently,  he  has  developed  a novel  visualizing  technique  based  on 
Computed  Technology  for  these  fields  (Refs.  6,  8). 

For  measuring  spray,  various  technique  are  available  including 
such  methods  as  liquid  immersion,  freezing,  trace,  mol  ton-wax,  and 
microscopic.  And  ideal  conditions  of  measurement  include  (Ref.  9); 

1.  Should  not  disturb  the  fuel  spray  pattern  or  atomization. 

2.  Should  provide  a rapid  means  of  sampling. 
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3.  Should  provide  a rapid  means  of  counting  the  samples  obtained. 

4.  Should  be  enough  to  provide  meanlgful  data  In  the  less  than  lOum. 

5.  Should  permit  the  variation  of  liquid  and  ambient  gas  properties. 

6.  Should  permit  one  to  obtain  drop  size  distribution  in  space. 

7.  Should  permit  one  to  obtain  the  drop  size  distribution  produced 

by  the  nozzle  in  a given  time. 

Many  novel  laser  diagnostics  such  methods  as  LDV,  Scattering, 
Diffraction,  Holography,  etc.  are  satisfying  above  items.  Pulse  laser 
holography  which  meets  all  the  requirements  listed  above  excluding  3, 
is  expected  to  be  an  effective  means  for  spray  measurements.  However, 
past  works  suggest  that  in  the  case  of  high  space  particle  density, 
such  as  of  a diesel  spray,  measurement  is  only  possible  in  the 
extra-low  density  field  of  peripheral  regions  and  that  much  time  and 
labor  are  required  for  reduction  of  particle  diameter  from  the 
hologram.  This  will  account  for  it  being  less  frequently  used  when 
compared  with  its  application  field,  such  as  in  vibration  or  material 
research. 

Of  various  combuston  system,  combustion  spray  is  widely  used  in 
diesel  engine,  gas  turbine  and  boilers.  For  analysis  of  combustion 
mechanism  using  intermittent  sprays,  such  as  in  a diesel  engine, 
obtaining  detailed  information  on  sprays  is  of  vital  importance. 

2.  HOLOGRAPHIC  RESEARCH  OF  PARTICLE /COMBUST I ON  IN  JAPAN 

Generally,  works  on  holography  cover  two  fields,  its  recording  and 
reconstruction,  which  is  also  in  Japan.  And  regarding  the  subject  of 
this  work  shop,  namely,  works  on  holography  of  spray  particles,  these 
can  be  classified  into  those  from  the  point  of  optical  or 
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instrumental  engineering  and  those  of  combustion  engineering.  Of 
course,  the  former  places  emphasis  on  research  and  development  of 
systems  and  the  latter  on  analysis  usig  such  systems. 

As  for  recent  moves  in  Japan,  the  Ministory  of  Education  adopted 
"DYNAMIC  MODELING  AND  LASER  DIAGNOSIS  OF  COMBUSTION"  as  a theme  of 
special  3-years  research  project  starting  in  April  1983  and 
associated  works  are  under  way  with  a fund  of  approximately  2 million 
dollars.  About  60  researchers  representing  combustion  engineering, 
chemical  analysis,  numerical  calculation,  instrumentation  engineering 
other  field  are  participating  in  the  project.  Among  them,  there  are 
ten  researchers  dedicated  to  particle  study  and  five  dealing  with 
holography,  but  a few  researchers  are  engaged  in  data  reduction. 

Works  under  way  at  various  universities  in  the  following. 

KYUSHU  UNIVERSITY  (Professor  T.  Murakami,  et  al . ) 

With  development  of  optic  instrumentation  and  its  application, 
the  activities  of  the  group  are  well  known.  They  have  published  many 
papers  as  follows: 

(1)  Establishment  of  recording  and  reconstruction  techniques  of  fuel 
injection  spray  by  diesel  nozzles  in  normal  and  elevated  ambient 
pressure  using  in-line  holography  wi th  a pulse  laser  (Refs.  10,  11). 
Fig.l  shows  an  original  in-line  hologram  of  diesel  injection  and 
reconstruction  region  is  presented. 

(2)  Holographic  measurements  of  size  and  velocity  of  particles  by 
means  of  two  pulsed  dye  lasers  of  different  wavelength  (Ref. 12). 

(3)  Development  of  dierect  analysis  method  of  particle  size  and 
position  from  hologram  using  an  image  analyser  (Ref. 12).  The  radial 
distribution  of  holographic  intensity  I(r)  on  the  plane  at  distance  Z 
from  the  particle  of  diameter  d is  given  by  using  the  Fresnel 
approximation.  The  typical  patterns  of  log  I ( R ) are  shown  in  Fig. 2. 
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The  reduced  fringe  diameters,  Dmax=Dmax/d  and  Dmin=Dmin/d  are  uniquely 
related  the  far  feild  nuber  N in  Fig. 3.  They  proposed  that  they  can  be 
determine  the  N value  with  observed  ratio  H (=Hobs),  then  get  Dmax  or 
Dmin  for  corresponding  to  N.  Consequently,  the  diameter  d and  the 
distance  Z are  obtained  by  using  the  observed  Dmax  or  Dmin  as 
d=Dmax/Dmin  or  =Dmin/Dmin,  and  as  z=di>NA,  respectively.  An  examle  of 
particle  data  and  a digital  intensity  distribution  are  shown  in  Fig. 4, 
and  on  upper  left  corner  on  CRT  the  data  of  particle  position  and  size 
are  pictured. 

TOKAI  UNIVERSITY  (Professor  T.  Uemura,  Y.  Yamamoto  and  H.  Yokota) 

Holographic  research  is  being  conducted  fron  the  view  point  of 
optical  and  instrumentation  engineering.  They  have  made  positive 
progress  in  the  fields  of  in-line  and  off-axis  holography  with  unique 
works  on  high  speed  photography  and  holography.  Holograms  of 
non-burning  and  burning  fuels  injected  under  atomospheric  condition 
have  been  taken  (Ref. 13)  and  combustion  state  has  been  observed  with 
aceton  in  place  of  fuel,  fed  to  a model  4-cycle  SI  engine  having 
transparent  cylinders  (Ref. 14).  Also  information  has  been  furnished  on 
change  of  spray  particle  size  by  back  pressure  recorded  as  fuel  was 
injected  fron  diesel  nozzle  into  a high  pressure  vessel  (Ref. 15). 

HIROSHIMA  UNIVERSITY  (Professor  H.  Hiroyasu,  et  al . ) 

Modeling  and  simulation  for  diesel  spray  combustion,  diesel  engine 
performances  etc.,  activities  of  this  university  are  well  known.  As 
for  research  into  holography  which  was  only  recently  started,  they  are 
using  double  pulse  lasers  and  the  off-axis  method  to  measure  diesel 
injection  sprays  injected  in  to  high  temperature  (up  to  733K),  and 
high  pressure  atomosphere  (up  to  3.0Mpa).  Fig. 5 shows  the  example 
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result  of  reconstructed  image  of  the  diesel  spray  injected  into 
elevated  pressure  and  temperatures.  At  around  773K,  droplets  can  not 
be  found  and  the  puffing  of  liquid  vapor  was  observed. 

GUNMA  UNIVERSITY  (Professor  M.  Nakayama,  et  al . ) 

Researches  on  spray  particle  generation  mechanism  and  internal 
structure  of  spray  using  various  nozzles  as  well  as  researches  on 
internal  strucure  in  the  evaporation  and  combustion  processes  are 
under  way.  The  subjects  covered  include  diesel  combustion,  gas  turbine 
combustion  and  pulverized  coal  combustion.  In  the  course  of  these 
studies,  visualization  technique  of  spray,  solid  particle  or  their 
combustion  flames  was  found  and  hence, 

[1]  Observation  of  local  spray  particles  by  in-line  Fraunhofer 
holograms. 

[2]  Measurements  of  particle  size  by  a Fraunhofer  diffraction 
principle  (Refs.  4,  5,  7). 

[3]  Measurements  of  evaporating  constant  rate  utilizing  time  and 
positional  change  rate  of  diffraction  energy  (Refs.  5,  7). 

[4]  Detection  of  transmitted  light  intensity  distribution  for  computed 
tomography  by  means  of  computer  Television  Camera  system  (Refs  6,  9). 

[5]  Development  and  prototype  fabrication  of  automatic  data  reduction 
systen  for  hologram. 

are  also  under  way.  Their  researches  will  be  shown  later  section. 

3.  PROBLEMS  ASSOCIATED  WITH  HOLOGRAPHY 

3.1  Non-burning  Atomosphere  Research  results  of  the  author  and 
co-workers  or  other  researchers  in  Japan  indicate  that  there  will  not 
be  significant  problems  so  long  as  the  space  density  is  relatively  low 
such  as  in  the  case  of  swirl  chamber  atomizer  for  boiler  or  gas 
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turbine  combustor  application.  If  the  space  density  is  high  as  with 
spray  particles  from  diesel  nozzles,  however,  it  appears  that  the 
particle  information  available  from  an  in-line  hologram  system  is 
limitted  to  local  very  low  density  peripheral  regions  of  spray. 

3.2  Combustion  field  of  Particles  On  open  flames  there  will  be  no 
significant  problems  such  as  small  spray  combustion,  but  there  will  be 
difficult  on  closed  combustion  such  as  diesel  spray.  It  is  owing  to 
the  limitation  of  window  size  and  optical  set  up. 

Deterioration  of  reproduced  image  quality  due  to  fluctuation  or 
sub-micron  vapor  is  unavoidable  regardless  of  normal  or  high 
temperature/pressure  atomosphere. 

3.3  Data  Reduction  One  of  reasons  which  have  prevented  the  extension 
of  holography  is  owing  to  work  time,  that  is,  the  reconstruction 
process  takes  appreciable  time  even  enough  a TV  system  used. 

The  author  et  al . adopts  the  image  hologram  method  produce 
holograms,  and  is  now  developing  and  fabricating  prototype  of 
automated  data  reduction  system.  It  will  be  completed  in  September, 
1985. 

4.  IMAGE  ANALYSIS  OF  INTERMITTENT  SPRAY 

Holograms  of  diesel  injection  sprays  by  in-line  Fraunhofer 
holography  cannot  be  an  adequate  method  for  high  density  spray. 

However,  in  view  of  the  importance  of  establishing  the  limit  of 
effective  density,  application  of  Computed  Tomography  using 
transmitted  light  intensity  distribution  to  acquire  particle 
information  is  now  under  study  (Refs.  7,  8).  It  appears  that  there  is 
correlation  between  hologram  images  and  CT  images.  Fig. 6 shows  density 
distribution  of  a spray  at  an  arbitrary  spray  section  reconstructed  by 
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the  CT  method  of  diesel  fuel  injection  into  space  at  normal 
pressure. The  figure  shows  the  density  information  on  section  20,  30, 
40  and  50  mm  away  from  nozzle  tip  derived  from  shadow  photos  of  spray 
1.1  ms  after  start  of  injection.  Fig. 7 presents  the  data  of  spray 
particle  density  change  with  time  at  30mmm  position  from  nozzle  tip. 
Comparison  of  Figs.  6 and  7 indicates  that,  with  diesel  spray,  later 
sprayed  particles  catch  up  with  and  overtake  preceding  particles, 
which  suggest  that  care  should  be  taken  in  holography. 

The  regions  available  where  particle  information  reproducible  by 
hologram  are  those  peripheral  regions  in  Figs.  6 and  7. 

Fig. 8 shows  reconstructed  spray  concentration  of  diesel  injection 
which  has  been  recorded  in-line  hologram.  The  information  of  particle 
size  and  their  distribution  has  not  be  analysed  in  this  time.  We  are 
undergoing  to  analyse  these  problem  by  using  onion  peeling  model  for 
axi -symmetric  spray. 

5.  SUMMARY 

The  author  introduced  about  the  works  of  particle  field  data 
reduction  in  Japan.  Many  excelent  works  were  done,  but  we  can  not  get 
the  information  of  particle  characterization  in  high  density  particle 
fields.  I think,  in  near  futute,  it  will  be  able  to  get  reasonable 
data  of  high  density  particle  field  such  as  diesel  injection  spray. 
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Fig.  1 In-line  hologram  of  diesel  injection  spray  (after  Murakami) 
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Fig. 2 Calculated  intensity  distribution  Log(R)  (After  Murakami) 
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Fig. 3 Charactristic  diagram  of  parameter  H,  Dmax,  Dmin  vs  far  field 
number  N (After  Murakami) 
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of  a Diesel  Spray 

Pulse  Interval  : 0.2  ms 
Atmospheric  Density  : 13.5  kg/m3 

Fig. 5 Off-axis  hologram  of  diesel  injection  spray  under 

the  condition  of  high  temperature/pressure  atomosphere  (After 
Hiroyasu) 
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Enlarged  Reconstructions  from  Double-pulsed  Holograms 
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Fig. 4 Example  of  a digital  intensity  distribution  (After  Murakami) 
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Fig. 8 Spray  concentration  by  Computed  Tomography 
from  in-line  hologram 
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COMBUSTION/PARTICLE  SIZING  EXPERIMENTS 
AT  THE  NAVAL  POSTGRADUATE  SCHOOL 
COMBUSTION  RESEARCH  LABORATORY  * 


John  Powers  and  David  Netzer 

Naval  Postgraduate  School 
Monterey,  California  93943 


Particle  behavior  in  combustion  processes  is  an  active  research  area  at  the 
Naval  Postgraduate  School  (NPS).  Currently,  four  research  efforts  are  being 
conducted  at  the  Combustion  Research  Laboratory. 

There  is  a long  standing  need  to  better  understand  the  soot  production  and 
consumption  processes  in  gas  turbine  combustors,  both  from  a concern  for 
improved  engine  life  and  to  minimize  exhaust  particulates.  Soot  emissions  are 
strongly  effected  by  fuel  composition  and  additives.  NPS  efforts  are  directed 
at  these  two  effects.  Soot  particles  in  gas  turbine  engines  are  generally 
quite  small,  typically  between  0.01  and  1.0  micron.  This  size  range  is  beyond 
present  holographic  capabilities  and,  therefore,  light  transmission 
measurements  at  three  wavelengths  and  light  scattering  measurements  at  large 
angles  (10-50°)  are  being  used  to  determine  mean  particle  sizes  within  a small 
gas  turbine  combustor.  Probe  sampling  is  also  being  employed  for  comparison 
with  the  optical  measurements. 

A more  recent  need  for  particle  sizing/behavior  measurements  is  in  the 
combustor  of  a solid  fuel  ramjet  which  uses  a metallized  fuel.  In  this 
combustor,  metallic  agglomerates  are  formed  on  the  surface.  The  agglomerates 
are  then  either  swept  along  the  surface  or  are  ejected  from  the  surface  and 
follow  a trajectory  up  through  a developing  turbulent  boudary  layer. 

Eventually  the  particles  pass  through  a turbulent  diffusion  flame  which  is 
located  within  the  boundary  layer.  Upon  reaching  the  flame  (or  oxygen  above 
the  flame)  the  particles  ignite  and  continue  to  burn  as  they  pass  down  the 
port  of  the  motor.  Predictions  of  the  fuel  regression  rate  and  the  combustion 
efficiency  are  both  dependent  upon  a good  understanding  of  the  behavior  of  the 
particles  throughout  their  lifetimes.  Currently,  high  speed  motion  pictures 
are  being  used  to  study  these  rather  large  (20-500  microns)  burning  particles. 
Holographic  studies  are  planned  within  the  current  year. 


* The  research  projects  summarized  have  been  sponsored  by  the  Air  Force 

Rocket  Propulsion  Laboratory,  the  Naval  Air  Propulsion  Center  and  the  Naval 
Weapons  Center. 
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In  solid  propellant  rocket  motors,  metals  (typically  aluminum)  are  used  to 
improve  specific  impulse  and/or  to  provide  damping  for  combustion  pressure 
oscillations.  The  size  of  the  particles  vary  from  approximately  0.5  to  200 
microns,  depending  upon  the  combustion  region  being  studied  and  the  propellant 
properties  and  motor  operating  environment.  The  smaller  (less  than  2 microns) 
sizes  are  generally  not  of  primary  interest.  Although  they  produce  primary 
exhaust  smoke,  they  do  not  contribute  significantly  to  two-phase  flow  losses 
in  the  exhaust  nozzle  or  to  losses  in  combustion  efficiency.  It  is  important 
to  know  the  size  distributions  of  the  particles  (and  how  the  sizes  change  with 
location)  if  accurate  predictions  of  combustion  efficiency,  particle  damping, 
and  two-phase  flow  losses  are  to  be  made.  The  particles  within  the  motor 
generally  are  not  moving  too  rapidly  and  are  of  large  enouph  size  to  permit 
holographic  investigations.  However,  the  high  number  density  of  burning 
particles  generally  requires  the  use  of  diffuse  illumination  in  the  scene  beam 
and  speciallized  apparatus  to  permit  penetration  of  the  combustion  zone.  Both 
two-dimensional  and  three-dimensional  motors  are  currently  used  together  with 
a pulse  ruby  laser/holocamera.  Within  the  exhaust  nozzle  velocities  become 
quite  high  and  particle  size  can  rapidly  decrease  due  to  high  shear  stresses. 
In  this  region  particle  sizing  experiments  are  being  conducted  using  diode 
arrays  to  measure  the  light  intensity  as  a function  of  scattering  angle. 

Being  able  to  obtain  good  quality  holograms  within  the  solid  propellant  rocket 
motor  environment  is  one  task.  However,  once  this  is  attained,  a need  exists 
for  obtaining  the  particle  size  distributions  from  the  holograms  in  a 
reasonable  period  of  time.  Automatic  or  semi-automatic  data  retrieval  methods 
are  mandatory,  but  complicated  by  the  presence  of  speckle  and  nonuniform  light 
intensity  in  the  reconstructed  holograms.  NPS  efforts  in  this  area  are 
currently  based  on  the  use  of  a Quantimet  720  Image  Analyzer. 
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EXAMPLES  OF  APPLICATION  USING  IMAGE  PROCESSING 
AT  GENERAL  MOTORS  RESEARCH  LABORATORIES 

Gary  Ber toll ini 

General  Motors  Research  Laboratories 
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Examples  of  Applications  using  Image  Processing  at 
General  Motors  Research  Laboratories 

I)  Quality  Control  Measurements  (30%) 

° Weld  Quality 
o Pane!  Surface  Quality 
° Material  Quantity  Patio 

II)  Image  Enhancement  (10%) 

° Photograph  Enhancement 

III)  Research  Experiment  Quantification  (60%) 

° Flame  Propagation 
° Particle  sizing  & velocity 
° Polymer  Fiber  Orientation 
° Crystal  Growth  Rate 
° Flow  Studies 

° Biomedical  Cell  Distribution 
° Paint  & Fuel  Spray  Diagnostics 
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GMR  IMAGE  PROCESSING  FACILITY 


Coherent  Source  Experiments 
Optical  Table  etc.  — Camera  — 

Non- Coherent  & Photographic  Sources 


Light  Table  Came 


Video  Sources 


VHS  Jape,  Disk, 
High  Speed  Video 
Recorder 


Video  RS-170 


Magnetic  Video 
Disk  Recorder 


Time  Base  & 
Video  Level 
Corrector 


Signal  Monito 


I mage  Processor  VC03 


4 Image  Planes 
19"  Color  Monitor 
Term  I 
Term  2 

Digitizer  Tablet 
16  MB  Disk 
Printer 

High  Resolution  Copier 


Network  Link- 


Image  Processor  VDP 


8 Image  Planes 
19"  Color  Monitor 
Term  I 


Track  Ball 
50  MB  Disk 
200  MB  Disk 


Digital 


Corporate  Computers 


Fuel  Spray  Droplet  Size  Analyzer  Using  Image 
Processing  Techniques 

° Direct  imaging  method  using  laser 
to  freeze  droplet  motion  . 

° Allows  automatic  size  distribution 
analysis  in  difficult  spray  locations 
& optically  harsh  environments. 

(ex.  nozzle  tip,  in  running  engine) 

° Discussion  will  include: 

- Hardware 

- Shading  removal  algorithm 

- Droplet  segmentation 

- Preliminary  experimental  results 
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RECONSTRUCTION  OF  A THREE-DIMENSIONAL , TRANSONIC  ROTOR  FLOW 
FIELD  FROM  HOLOGRAPHIC  INTERFEROCRAM  DATA 


John  K.  Kittleson*  and  Yung  H.  Yu* 

Aeromechanics  Laboratory,  U.S.  Amy  Research  and  Technology  Laboratories  — AVSCOM 
NASA  Ames  Research  Center,  Moffett  Field,  California 


Abstract 

Holographic  interferometry  and  computer- 
assisted  tomography  (CAT)  are  used  to  determine 
the  transonic  velocity  field  of  a model  rotor 
blade  in  hover.  A pulsed  ruby  laser  recorded 
40  interferograms  with  a 2-ft-diam  view  field 
near  the  model  rotor-blade  tip  operating  at  a tip 
Mach  number  of  0.90.  After  digitizing  the  inter- 
ferograms and  extracting  fringe-order  functions, 
the  data  are  transferred  to  a CAT  code.  The  CAT 
code  then  calculates  the  perturbation  velocity 
in  several  planes  above  the  blade  surface.  The 
values  from  the  holography-CAT  method  compare 
favorably  with  previously  obtained  numerical  com- 
putations in  most  locations  near  the  blade  tip. 

The  results  demonstrate  the  technique's  potential 
for  three-dimensional  transonic  rotor  flow 
studies. 

Nomenclature 

ao  * speed  of  sound,  ft/sec 

A - wave  amplitude 

C * blade  chord,  ft 

f(x')  * filter  function 

I = irradiance 

k * Gladstone-Dale  constant,  ft3/slug 

L * path  length,  ft 

n * refractive  index 

n0  * ambient  refractive  index 

N * fringe-order  number 

R - spanwise  coordinate,  ft 

R0  * blade  span,  ft 

t ■ hologram  amplitude  transmittance 

U * reconstruction  wave  complex  amplitude 

c 

Uj,  * transmitted  wave  complex  amplitude 
- reference  wave  complex  amplitude 
Uoi  ■ ambient  object  wave  complex  amplitude 
U02  * test  object  wave  complex  amplitude 

V - perturbation  velocity,  ft/sec 

^Research  Engineer.  Member  AIAA. 

This  paper  is  declared  a work  of  the  U.S.  Government  and 
therefore  is  in  the  public  domain. 


x'  ■ projection  coordinate,  ft 

X - chordwise  coordinate,  ft 

Y ■ height  above  blade  centerline,  ft 

6 “ film  proportionality  constant 

Y “ ratio  of  specific  heats 

A<J>  * optical  path-length  difference  (OPD) 
0 - field  projection  angle,  deg 

X - laser  wavelength,  ft 

p * air  density,  slug/ft2 

Po  ■ ambient  air  density,  slugs/ft3 
Q m blade  rotational  speed,  rpm 


Introduction 

On  many  helicopters,  the  rotor  blade's 
advancing  tip  encounters  transonic  flow  during 
forward  flight.  At  these  high  Mach  numbers,  the 
rotor  blade's  performance  suffers  from  compressi- 
bility effects  that  often  cause  shock  waves  to 
form  near  the  blade  tip;  the  shocks  can  extend  to 
the  acoustic  far-field.  Through  theoretical  and 
computational  investigations,  researchers  attempt 
to  understand  the  local  shock  generation  of  high- 
tip-speed  rotors  and  its  propagation  to  the  far- 
field.  ' However,  because  of  the  problem's  complex- 
ity and  the  difficulty  of  obtaining  detailed 
experimental  information  about  the  flow,  accurate 
means  for  confirming  transonic  rotor-blade  designs 
have  been  notably  lacking. 

Shock  waves  cause  a number  of  aerodynamic, 
dynamic,  and  acoustic  problems  on  high-speed  heli- 
copter rotor  blades.  First,  the  shock  rapidly 
increases  the  aerodynamic  drag  through  energy 
dissipation,  flow  separation,  and  wave  effects. 
Second,  local  shocks  cause  sudden  large  changes  in 
pitching  moment  which  can  excite  various  blade 
torsional  modes.  As  the  blade  rotates  in  forward 
flight,  its  Mach  number  and  angle  of  attack  vary. 
The  shock  appears  on  the  advancing  side  of  the 
rotor  disk  and  often  results  in  large  chordwise 
movements;  these  movements  can  be  in  opposite 
directions  on  the  upper  and  lower  surfaces  as  the 
Mach  number  and  angle  of  attack  change  during  each 
revolution.  The  changing  shock  positions  on  the 
upper  and  lower  surfaces  cause  an  unsteady  loading, 
which  produces  fluctuating  pitching  moments.  These 
moments  can  cause  unexpected  blade  motions,  oscil- 
lating loads  on  pitch  links,  and  vibrations 
throughout  the  entire  aircraft.  Third,  shock 
waves  on  an  advancing-blade  surface  can 
"delocalize"  (Ref.  1)  and  extend  directly  to  the 
far-field.  Large  amounts  of  acoustic  energy 
radiate  in  front  of  the  helicopter  near  the  tip- 
path  plane.  This  helicopter  impulsive  noise  is 
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annoying  in  general  and  too  easily  detected  in 
military  applications. 

In  an  attempt  to  describe  the  transonic  rotor 
flow  field  and  to  resolve  the  problems  associated 
with  it,  promising  theoretical  models2  and  numeri- 
cal codes 3,4  have  been  developed.  The  numerical 
codes  compare  favorably  with  blade-pressure  mea- 
surements,5 but  are  not  yet  verified  at  points 
away  from  the  blade’s  surface. 

Previous  attempts  to  measure  the  flow  field 
have  been  severely  limited.  Pressure-instrumented 
airfoils  are  expensive  and  difficult  to  fabricate— 
especially  in  scale  models.  In  addition,  pressures 
can  be  measured  only  at  the  blade  surface.  Hot- 
wire anemometry  requires  that  a probe  be  posi- 
tioned within  the  field,  therefore  disturbing  the 
flow.  Laser  velocimetry  requires  flow-seeding  and, 
when  shock  waves  are  present,  it  is  uncertain 
whether  the  seeds  follow  the  flow  faithfully.  Both 
hot-wire  anemometry  and  laser  velocimetry  can  take 
only  point-by-point  measurements,  requiring  large 
amounts  of  running  time  to  survey  the  rotor's 
three-dimensional  field,  a distinct  disadvantage 
for  rotor  testing.  Schlieren  and  shadowgraph 
photography  provide  only  a qualitative  two- 
dimensional  representation  of  a three-dimensional 
flow.  And  Mach-Zehnder  interferometry  provides 
quantitative  information,  but  is  extremely  diffi- 
cult to  use  in  a large-scale  experiment.  Clearly, 
another  experimental  technique  which  overcomes 
these  limitations  must  be  employed. 

Holographic  interferometry  is  an  effective 
diagnostic  technique  for  making  transonic  flow 
measurements. 6 Previous  investigations7’0  in 
which  two-dimensional  flows  over  airfoils  were 
studied  show  that  accurate  quantitative  information 
is  obtainable  using  holographic  interferometry. 
However,  the  transonic  flow  around  a helicopter 
rotor  blade  is  three-dimensional  and  requires  a 
tomographic  technique  to  compute  the  correct  flow 
information  from  several  interferograms.  To  date, 
most  applications  of  this  technique  have  been 
limited  to  axisymmetric  flow  or  to  simple  three- 
dimensional  flow  with  a small  model  under  ideal 
laboratory  conditions.9*10 

This  paper  discusses  the  procedures  necessary 
to  obtain  quantitative  measurements  of  a transonic, 
three-dimensional  flow  field  near  a rotor-blade 
tip,  using  holographic  interferometric  data  and 
CAT.  Though  most  helicopter  rotor  problems  caused 
by  shock  waves  occur  during  forward  flight,  this 
experiment  investigates  the  steady  problem  (hover)  , 
which  simulates  many  physical  phenomena  of  forward 
flight.11  The  method  for  recording  interferograms 
and  example  interferograms  is  included,  and  the 
steps  that  must  be  followed  in  extracting  quantita- 
tive information  from  the  interferograms  are  out- 
lined. The  technique's  potential  for  measuring 
three-dimensional  transonic  rotor  flows  is  demon- 
strated, and  the  results  it  yields  are  compared  with 
those  from  previously  performed  numerical 
computations . 

Background  Concepts 

For  the  experiment  to  be  successful,  it  is 
necessary  to  1)  record  high-quality  interferograms 
near  a rotor-blade  tip  from  multiple  viewing  angles, 
and  2)  implement  a suitable  CAT  code  with  the 
interferogram  data.  Familiarity  with  holography, 


holographic  interferometry,  and  computer- 
assisted  tomography  principles  provides  the  neces- 
sary insight  for  understanding  this  technique. 

Holography 

Holography  is  a two-step  imaging  process  in 
which  diffracted  light  waves  are  recorded  and 
reconstructed . 1 2 > 1 3 The  first  step  is  recording, 
or  storing,  the  hologram.  This  is  accomplished  by 
dividing  a single  coherent  laser  beam  into  two 
beams  and  exposing  a photographic  film  to  the  two 
light  waves,  as  shown  in  Fig.  la.  The  object 
wave,  which  is  the  wave  containing  the  flow  infor- 
mation, passes  through  the  measured  field  (the 
air  near  the  blade  tip  in  this  experiment) . The 
second  wave,  the  reference  wave,  passes  around  the 
field.  By  adding  the  coherent  reference  wave  to 
the  object  wave,  the  photographic  film  records  a 
high-frequency  interference  pattern.  Once  the 
film  is  developed,  it  is  known  as  a hologram, 
which  is  a complicated  diffraction  grating. 

The  second  step  in  holography  is  reconstruc- 
tion, or  playing  back  the  hologram.  This  is 
accomplished  in  two  ways.  First,  a reconstruction 
wave  Identical  to  the  reference  wave  illuminates 
the  hologram  (Fig.  lb).  The  hologram  diffracts 
the  reconstruction  wave  and  produces  a replica  of 
the  original  object  wave,  forming  the  original 
object's  virtual  image.  In  the  second  method  of 
reconstruction,  a reconstruction  wave  conjugate 
to  the  reference  wave  illuminates  the  hologram 
(Fig.  1c) . The  hologram  diffracts  the  conjugate 
wave  forming  the  original  object's  real  image. 

The  real  image  may  be  photographed  without  the  use 
of  a lens  by  placing  a sheet  of  photographic  film 
in  the  real  image  space. 

Several  important  characteristics  of  holog- 
raphy are  applicable  to  the  experiment  at  hand. 
There  are  very  few  geometrical  constraints  in  a 
holographic  optical  system;  thus,  holography 
can  be  applied  in  a large-scale,  nonlaboratory 
environment.  Note  that  recording  and  reconstruc- 
tion of  the  hologram  can  be  done  in  different 
locations  if  the  reference  wave  is  reproducible. 
This  allows  the  reconstruction  to  be  done  in  a 
laboratory,  far  from  the  harsh  environment  in 
which  the  hologram  was  previously  recorded.  The 
reference  wave  serves  only  as  a method  of  record- 
ing and  reconstructing  the  object  wave.  Thus,  a 
hologram  does  not  produce  quantitative  information 
about  the  field  of  interest.  To  obtain  quantita- 
tive information  (in  the  form  of  interference 
fringes)  an  interferogram  must  be  recorded. 

Holographic  Interferometry 

Holographic  interferometry  is  the  interfero- 
metric comparison  of  two  object  waves  recorded 
holographically  (see  the  Appendix  for  further 
detail).  In  this  experiment,  the  two  object 
waves  are  recorded  sequentially  in  time  with 
double-exposure  holographic  interferometry.  The 
interferogram  is  recorded  by  first  exposing  a 
photographic  film  to  a reference  wave  and  an 
"undisturbed"  object  wave.  Later  in  time,  the 
same  photographic  film  is  exposed  to  a reference 
wave  and  to  a second  "disturbed"  object  wave. 

When  the  holographic  interferogram  is  recon- 
structed, the  virtual  or  real  image  shows  the 
object  (the  transparent  field)  with  an 
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interference  fringe  pattern.  The  fringe  pattern 
represents  the  difference  between  the  "undisturbed" 
and  "disturbed"  flow  states.  The  irradiance  of 
the  reconstructed  wave  is  proportional  to 

I « |Uoi  + Uoz | 2 

which  can  be  written  as12’13 

I = 2A2  [ 1 + cos  (Act)  ] (1) 

Equation  (1)  represents  the  interferogram  with  a 
fringe  pattern  of  dark  and  bright  fringes  of  con- 
stant optical  path-length  difference  (OPD)  A4> , 
where  A<f>  is  given  by 

A4>  = J*  [n(x,y,z)  - no]ds  = NX  (2) 

To  determine  the  flow-field  properties,  the  line 
integral  of  Eq . (2)  must  be  inverted  and  solved 
for  n(x,y,z),  the  refractive  index  at  a specific 
point  in  the  field. 

In  a two-dimensional  flow  (i.e.,  the  flow  over 
a fixed  airfoil  in  a wind  tunnel) , the  evaluation 
of  Eq.  (2)  is  simplified.  Since  the  refractive 
index  is  constant  across  the  width  of  the  test 
section  L,  Eq.  (2)  becomes 

n(x,y)  = no  + NA/L  (3) 

In  a two-dimensional  flow,  the  fringes  on  an 
interferogram  are  contours  of  constant  refractive 
index  and  the  refractive  index  at  any  point  in  the 
field  can  be  determined  from  a single  interfero- 
gram. However,  since  the  transonic  flow  near  a 
rotor-blade  tip  is  three-dimensional,  Eq.  (3) 
cannot  be  used.  To  invert  Eq . (2)  and  solve  for 
the  refractive  index  at  a specific  point  in  the 
field,  computer-assisted  tomography  (CAT)  must  be 
employed . 

Computer-Assisted  Tomography 

Tomography  is  a mathematical  technique  for 
reconstructing  a three-dimensional  field  from  its 
two-dimensional  projections  (see  Refs.  14  and  15 
for  a wide  variety  of  applications).  A projection 
of  a three-dimensional  field  is  the  fringe  pattern 
recorded  on  an  interferogram.  All  methods  require 
multidirectional  projection  data  of  the  field. 
Tomographic  codes  develop  in  two  directions: 

1)  iterative  algebraic  reconstruction  techniques,16 
and  2)  Fourier  transform  techniques.  A version  of 
the  latter  method,  termed  filtered  back- 
projection,17’18  appears  most  suitable  for  this 
application. 

Most  Fourier  transform  techniques  employ 
back-projection.  Projection  data  from  the  field 
are  recorded  in  one  plane  at  several  azimuthal 
angles  around  the  field.  For  example,  one  pro- 
jection of  a uniform  absorbing  disk  is  shown  in 
Fig.  2a  (taken  from  Ref.  19).  Beyond  the  disk 
boundary  (no  path  length  through  the  disk) , the 
light  ray's  OPD  is  unchanged,  producing  no  inter- 
ference fringes.  Near  the  disk  boundary  (short 
path  length  through  the  disk),  the  light  ray's 
OPD  is  changed  slightly,  producing  a few  interfer- 
ence fringes.  And  near  the  disk  center  (long 
path  length  through  the  absorbing  disk),  the  light 
ray's  OPD  is  changed  substantially,  producing 
several  interference  fringes.  Similar  projections 


(fringe  number  vs  position)  at  different  azimuthal 
angles  are  also  recorded.  Each  projection  is  then 
back-projected,  or  smeared  back  along  the  direc- 
tion in  which  it  was  recorded  (Fig.  2b).  Values 
are  added  point  by  point  to  form  a reconstruction 
of  the  field.  Unfortunately,  simple  back- 
projection  produces  an  undesirable  spoke  pattern 
which  severely  degrades  the  quality  of  the  recon- 
structed field. 

To  eliminate  the  spoke  pattern,  the  back- 
projections  are  filtered.  A one-dimensional  con- 
volution (indicated  by  an  asterisk)  is  performed 
between  each  projection  and  an  appropriate  filter 
function  (see  Ref.  20  for  a discussion  of  filter 
functions)  before  back-projection,  as  shown  in 
Fig.  3a  (taken  from  Ref.  19).  Each  filtered  pro- 
jection is  then  back-projected  over  the  recon- 
struction space  (see  Fig.  3b).  The  negative  side- 
lobes  introduced  by  the  filter  eliminate  the 
spoke  pattern  during  the  point-by-point  addition 
process.  With  many  projections,  this  technique 
yields  an  accurate  reconstruction  of  the  original 
field. 


Procedure 

Several  steps  must  be  performed  to  quantita- 
tively reconstruct  the  three-dimensional  transonic 
field  near  a model  helicopter  blade  tip.  First, 
several  holographic  interferograms  must  be 
recorded  along  planes  perpendicular  to  the  rotor 
tip-path  plane  at  various  azimuthal  angles 
(Fig.  4).  Data  must  then  be  extracted  from  the 
interferograms.  This  can  be  done  1)  manually, 

2)  by  using  a graphic  tracing  tablet,21  or  3)  by 
using  a system  that  digitizes  the  interferograms 
and  extracts  fringe-order  numbers.  The  digital 
interferogram  evaluation  technique  was  used;  it 
will  be  presented  in  detail  by  Becker  and  Yu 
(Ref.  22).  Finally,  the  data  are  transferred  as 
input  to  a tomography  code,  which  computes  the 
refractive  index  at  specific  points  in  a horizon- 
tal plane  above  the  blade  surface.  This  procedure 
is  repeated  in  several  planes  to  yield  a recon- 
struction of  the  entire  three-dimensional  field. 

Recording  Holographic  Interferograms 

The  holographic  system  for  recording  interfer- 
ograms near  a model  rotor  blade  was  assembled  in 
the  Aeromechanics  Laboratory  Anechoic  Hover 
Chamber.  Figure  5 shows  a schematic  of  the  opti- 
cal system  and  Fig.  6 shows  the  Anechoic  Hover 
Chamber.  A ruby  laser  with  a 20-nsec  pulse  width, 
a 694.3-nm  wavelength,  and  a power  of  1 J 
"freezes"  the  rotating  blade  at  any  desired  azi- 
muthal angle.  A beam-splitter  divides  the  laser 
beam  into  two  separate  beams  at  the  laser  outlet. 

A microscope  objective  lens  expands  the  object 
beam  to  fill  a 24-in. -diam  spherical  mirror. 

Since  the  foci  of  both  the  objective  lens  and  the 
spherical  mirror  coincide,  a collimated  plane 
wave  forms  as  the  beam  passes  through  the  rotor 
area.  The  object  beam  then  strikes  a second 
24-in. -diam  spherical  mirror,  emerges  as  a con- 
verging wave,  and  illuminates  a 4-in.  by  5-in. 
photographic  plate.  The  reference  beam  is 
lengthened  by  causing  it  to  strike  several  plane 
mirrors.  This  beam  must  be  lengthened  so  that 
the  difference  in  the  path  lengths  of  the  object 
and  reference  beams  is  less  than  the  coherence 
length  of  the  laser  (one  of  the  very  few,  and 
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easily  met,  geometrical  constraints  in  a holo- 
graphic system) . The  reference  beam  is  expanded 
by  an  objective  lens,  then  collimated  with  a 
5-in.-diam  lens;  finally,  it  is  directed  toward 
the  film  so  that  it  overlaps  the  object  beam. 

The  entire  procedure  is  conducted  from  out- 
side the  hover  chamber,  once  the  optical  system  is 
aligned.  Firing  the  laser,  changing  the  photo- 
graphic film  plates,  and  controlling  the  test 
conditions  are  all  done  by  remote  control.  Recall 
that  to  record  an  interferogram,  two  exposures  at 
different  times  (different  flow  states)  must  be 
made  on  a single  film  plate.  The  film  records  the 
first  exposure  while  the  rotor  blade  remains  sta- 
tionary. In  this  case,  the  air  has  no  velocity  and 
therefore  has  a uniform  refractive-index  distribu- 
tion. The  film  records  the  second  exposure  while 
the  blade  rotates  at  the  desired  speed.  The  non- 
homogeneous  ref ractive- index  distribution  in  this 
case  introduces  phase  changes  in  the  second  object 
wave,  producing  interference  fringes  on  the  film 
plate.  This  double-exposure  recording  procedure 
repeats  at  various  angles  around  the  flow  by 
synchronizing  the  laser  pulse  with  the  desired 
blade  position.  Because  of  the  long  optical  path- 
lengths  (90  ft)  , the  recording  system  is  very  sen- 
sitive to  vibrations  of  the  optical  components.  At 
several  azimuthal  angles,  it  was  necessary  to 
record  multiple  interf erograms  to  obtain  one 
high-quality  interferogram.  The  photographic 
plates  are  then  removed  from  the  recording  system 
in  the  hover  chamber,  developed,  and  reconstructed 
in  a laboratory  for  further  processing. 

Holographic  inter f erograms  record  the  flow 
near  a hovering  1/7-scale  (geometric)  model  UH-1H 
rotor  with  untwisted  NACA  0012  airfoil  sections. 

The  blade  runs  at  a tip  Mach  number  of  0.90  so  that 
the  flow  is  transonic  and  a shock  wave  is  present.1 
This  model  normally  uses  two  blades;  however,  in 
views  along  the  span,  the  optical  beam  would  pass 
through  the  refractive-index  field  of  both  blades. 
Because  the  re f ract ive- index  fields  of  the  two 
blades  are  inseparable  at  these  angles,  a single- 
bladed  rotor  with  a counterbalance  is  used  instead 
(Fig.  7). 

Holographic  inter f erograms  near  a transonic 
rotor  blade  are  recorded  at  40  different  viewing 
angles.  The  blade  rotates  in  a clockwise  direc- 
tion and  can  be  captured  at  any  desired  viewing 
angle  with  the  pulsed  laser.  The  tomography  code 
requires  flow  data  from  certain  viewing  angles 
within  a 180°  range.  Numerical  simulation 
results23  using  numerical  computations  of  the 
flow3  suggest  recording  inter f erograms  from  6=8° 
to  0 - 40°  and  from  9 = 140°  to  9 = 186°  in 
2°  increments,  as  defined  in  Fig.  8.  The  missing 
views,  9 = 42°  to  6 = 138°,  were  presumed  to 
have  very  few  interference  fringes  and  were  not 
utilized. 

Illustrated  in  Fig.  8 are  examples  of  holo- 
graphic interf erograms  recorded  near  the  model 
blade  tip.  The  fringe  pattern’s  appearance 
depends  on  the  viewing  direction.  Inter ferograms 
recorded  along  the  chord  (near  9 = 90°)  display 
very  few  interference  fringes,  since  the  optical 
rays  pass  through  the  field's  thinnest  (weakest) 
region.  No  observable  details  are  present  in 
these  views.  However,  in  views  along  the  span  . 
(near  9 = 0°  or  0 = 180°)  , numerous  fringes  are 
visible,  because  the  optical  rays  pass  through  the 


longest  (strongest)  region  within  the  field.  The 
leading-edge  stagnation  point,  shock  structures, 
bound ary- layer  separation,  and  wake  system  are 
clearly  visible.  In  particular,  a lambda  shock 
(0  = 180°)  and  the  radiated  shock  (0  - 186°) 
appear  above  the  blade.  Several  interferograms 
are  described  in  detail  in  Ref.  24. 

Data  Extraction 


There  is  an  important  step  that  must  be  taken 
between  recording  the  interferograms  and  making  the 
tomographic  reconstruction:  evaluating  the  inter- 

ferograms. During  this  evaluation,  integrated 
quantitative  information  is  extracted  from  the 
interferogram  fringe  pattern.  Previously,  most 
interferograms  were  evaluated  manually,  which  is  a 
time-consuming  and  inaccurate  procedure.  To  over- 
come these  limitations,  a scheme  for  digital  inter- 
ferogram evaluation  was  implemented  that  digitizes, 
enhances , and  records  fringe  coordinates  and  num- 
bers from  the  interferograms  (see  Ref.  22  for  a 
discussion  of  this  system) . 

An  image-processing  system  (De  Anza  IP-6400) 
connected  to  a VAX  11/780  host  computer  digitizes 
the  40  interferograms.  A one-dimensional  fringe 
evaluation  is  then  performed  by  assigning  fringe- 
order  numbers  to  each  interferogram.  To  make  a 
correct  assignation  of  fringe-order  numbers,  some 
information  about  the  flow  is  required.  Positive 
values  are  assigned  to  high-density  regions  and 
negative  values  to  low-density  regions.  The  zero 
fringe-order  number  is  assigned  to  the  regions 
where  the  field  is  undisturbed.  Each  interfero- 
gram is  then  scanned  at  a desired  height  above 
the  blade,  as  shown  in  Fig.  9a.  For  each  pro- 
jection angle,  fringe  numbers  and  locations  are 
recorded  (Fig.  9b)  and  stored.  The  fringe-order 
functions  serve  as  input  data  for  the  CAT  code  to 
reconstruct  the  field  in  one  horizontal  plane 
above  the  blade  surface. 

CAT  Recons  true t ion 


Fringe-order  functions  are  transferred  to  the 
filtered  back-projection  CAT  code  which  computes 
the  refractive-index  field  at  specific  points  in 
a chosen  horizontal  plane  above  the  blade  surface. 
The  code  assumes  refractionless  light  rays; 
therefore,  each  horizontal  plane  can  be  treated 
independently,  even  though  data  for  each  plane  is 
taken  from  one  set  of  interferograms.  The  per- 
turbation velocity  is  computed  by  first  converting 
refractive  index  to  density,  using  the 
G 1 ads t on-Dale  relation: 


o = (n  - 1) /k 


Density  is  then  converted  to  perturbation  velocity 
from  a form  of  Bernoulli's  equation  for  steady 
(with  respect  to  the  rotation  blade),  compressible, 
isentropic  flow : 


The  procedure  is  repeated  in  several  planes  above 
the  blade  to  reconstruct  the  entire  three- 
dimensional  field  near  the  model  blade  tip. 
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Reconstruction  Results 

The  holography-CAT  reconstruction  of  the 
blade- tip  velocity  field  is  compared  with  numeri- 
cal computations.  The  computations  used  here  are 
conservative,  mixed-difference  solutions  of  the 
transonic  small-disturbance  equation.  Results 
from  both  sources  are  presented  in  four  horizontal 
planes,  as  identified  in  Fig.  10a.  Three  plot 
types  are  used  to  visualize  the  flow  field.  First, 
velocity  contours  are  given  in  plan  view  (see 
Fig.  10b),  where  the  blade’s  leading  and  trailing 
edges  are  at  X/C  - 0.0  and  X/C  « 1.0,  respec- 
tively. The  blade  tip  is  located  at  R/Rq  * 1.0, 
the  rotation  center  is  at  R/Ro  * 0.0,  and  the 
blade  rotates  in  a clockwise  direction.  Second, 
perspective  views  are  displayed  in  which  velocity 
values  are  plotted  along  the  vertical  axis.  The 
data  and  geometry  are  identical  to  the  contour 
plots,  though  the  data  are  viewed  from  near  the 
rotor  hub.  Third,  velocity  distributions  are 
shown  at  six  radial  locations  (see  Fig.  10b)  for 
each  plane. 

Figure  11  compares  the  velocity  contours 
derived  from  the  holographic-CAT  method  and  the 
numerical  computations  near  the  blade  surface 
(Y/'C  » 0.08).  Both  methods  display  low-velocity 
regions  near  the  leading  and  trailing  edges,  and 
also  display  a high-velocity  region  over  the  blade 
surface  containing  a shock  at  approximately 
X/C  * 0.60  near  the  blade  tip.  The  general  con- 
tour shapes  show  a strong  resemblance  except  near 
the  blade  tip  (roughly  the  last  52  of  blade  span). 
The  maximum  velocity  region  appears  at  the  shock 
foot  in  the  computational  analysis,  but  it  appears 
closer  to  the  leading  edge  and  farther  from  the 
shock  foot  in  the  holography-CAT  results. 

Figure  12  shows  velocity  values  for  the  same 
plane  in  perspective  view.  Again,  the  general  flow 
shapes  appear  very  similar.  The  major  difference 
between  the  two  results  is  the  roughness  (minor 
’’ridges")  in  the  reconstructed  flow.  This  may  be 
due  to  reconstruction  artifacts  caused  by  noncon- 
tinuous  data  (interferograms  recorded  in  2°  azi- 
muthal increments)  or  by  noise  (erroneous  fringes) 
in  the  interf erogram  data  caused  by  optical  com- 
ponent motion.  Figure  13  compares  velocity  distri- 
butions at  six  radial  locations.  The  roughness  of 
the  reconstructed  flow  can  be  seen  throughout  the 
figures.  Also,  the  holography-CAT  method  deter- 
mines the  shock  location  to  be  slightly  more  down- 
stream (3%)  than  does  the  numerical  code  solution. 
The  major  differences  can  be  observed  in  Fig.  13d, 
where  the  discrepancies  at  the  leading  edge  and 
over  the  blade  surface  are  clearly  visible.  The 
leading  edge  (X/C  - 0.0)  difference  may  result 
from  a breakdown  of  the  small  crossflow  assumption 
[Eq.  (4)]  near  the  blade  tip.  The  difference  over 
the  blade  surface  (X/C  - 0.2  to  X/C  * 0.6)  may  be 
attributed  to  the  existence  of  a lambda  shock,  in 
the  interferogram  data  (i.e..  Fig.  9a),  which 
cannot  be  predicted  by  the  nonviscous  numerical 
potential  code.  A lambda  shock  was  also  observed 
in  Schlieren  photographs  from  a previous  wind- 
tunnel  test  (Fig.  14,  taken  from  Ref.  25)  using  the 
same  airfoil  and  tip  Mach  number. 

Figure  15  compares  the  velocity  contours  from 
both  the  holography-CAT  method  and  numerical  code 
at  Y/C  * 0.22  (near  the  upper  region  of  the 
lambda  shock) . The  general  velocity  contours  show 
an  excellent  agreement  in  both  shape  and  magnitude 


throughout  the  plane.  The  maximum  velocity  region 
on  the  blade  surface  (near  X/C  « 0.50, 

R/Ro  * 0.96)  match  much  closer  in  this  plane  than 
in  the  plane  near  the  blade  surface  (Fig.  11). 

The  perspective  view  of  Fig.  16  also  shows  an 
excellent  agreement  in  shape  and  magnitude.  Again, 
the  most  noticeable  difference  is  the  extra  ridges 
in  the  reconstructed  flow  at  the  same  locations 
and  orientations  as  seen  in  the  previous  plane 
(Fig.  12a) . The  velocity  distributions  in  this 
plane  (Fig.  17)  compare  favorably,  especially 
inboard  of  the  blade  tip  (see  Figs.  17a-17c) , as 
well  as  at  the  blade  tip  (Fig.  17d) . The  lambda 
shock's  effect  near  the  tip  is  apparently  weaker 
in  this  plane;  thus,  the  velocity  distribution 
magnitudes  and  shapes  are  much  closer  than  those 
in  Fig.  13. 

Figure  18  compares  velocity  contours  at 
Y/C  * 0.49  above  the  blade.  The  velocity  con- 
tour shapes  and  magnitudes  are  similar  in  all 
regions  except  that  the  holography-CAT  method 
shows  the  maximum  velocity  point  to  be  slightly 
(12  span)  outboard  of  the  numerical  result.  The 
extra  ridges  seen  in  the  perspective  view  (Fig.  19) 
are  in  approximately  the  same  location  and  orien- 
tation as  those  in  the  previous  plane;  however, 
the  magnitude  of  the  ridges  has  decreased. 

Figure  20  shows  velocity  distributions  for  this 
plane.  There  is  good  agreement  at  all  locations 
except  beyond  the  blade  tip  (Fig.  20e)  where  the 
holography-CAT  method  shows  slightly  larger  veloc- 
ity magnitudes. 

Finally,  Fig.  21  shows  velocity  contours  for 
Y/C  - 1.17.  The  velocity  contours  match  through- 
out, though  there  are  no  distinguishing  features 
in  the  flow  at  this  height  above  the  blade  sur- 
face. In  this  plane,  the  extra  ridges  are  almost 
unobservable  in  the  perspective  view  (Fig.  22). 

The  velocity  distributions  of  Fig.  23  also  show 
a strong  similarity  between  the  two  methods  at  all 
radial  locations,  for  both  results  show  that  this 
plane  is  at  the  perturbed  flow's  upper  extent. 

Overall,  the  agreement  between  the  holography- 
CAT  results  and  the  numerical  solution  is 
extremely  encouraging.  However,  comparisons  with 
other  experimental  data  sources  are  required  before 
a final  decision  can  be  made  about  the  holography- 
CAT  results.  Several  discrepancies  must  be 
resolved.  First,  data  from  pressure-instrumented 
blades  will  aid  in  confirming  the  shock  location 
and  whether  a lambda  shock  does  exist  in  the  flow. 
Second,  the  extra  ridges  appearing  in  the  recon- 
structed results  must  be  eliminated  or  reduced; 
the  ridges  may  be  caused  by  poor  data  recorded  in 
the  interferograms.  To  improve  the  quality  of  the 
interferograms,  a modified  optical  system  (for 
both  hover  and  forward  flight  testing)  is  neces- 
sary. In  addition,  neither  the  holography-CAT 
reconstruction  nor  the  numerical  code  solutions 
compute  the  expected  shock  strength  beyond  the 
blade  tip.  Acoustic  measurements  indicate  a much 
stronger  radiated  shock  than  is  indicated  by  these 
two  results. 


Concluding  Remarks 

The  holographic  interferometry  computer- 
assisted  tomography  technique  proved  to  be  a 
highly  effective  way  of  measuring  the  three- 
dimensional,  transonic  flow  field  near  a model 
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rotor-blade  tip.  Results  from  this  method  com- 
pare favorably  with  those  of  numerical  computa- 
tions, except  very  near  the  tip  region.  That 
discrepancy  may  be  due  to  the  existence  of  a 
lambda  shock  recorded  by  the  interferograms  (and 
in  previous  Schlieren  photographs)  which  is  not 
predicted  by  the  nonviscous  potential  code.  In 
other  regions,  the  velocity  distributions  along 
the  chord  are  similar  in  both  shape  and  magnitude. 
However,  the  results  from  the  technique  must  be 
further  verified  against  other  experimental  data. 

Since  this  is  the  first  successful  implemen- 
tation of  the  holographic  interferometry, 
computer-assisted  tomography  method  in  rotor  flow 
studies,  many  improvements  are  indicated.  For 
example,  the  optical  system  must  be  improved  so 
that  better  quality  interferograms  can  be  recorded, 
and  an  automatic  fringe-reading  technique  must 
be  completed  so  that  the  time  required  to  evaluate 
interferograms  can  be  shortened.  Upon  verifica- 
tion of  these  results  and  after  the  system  is 
improved,  measurements  of  other  model  rotor-blade 
flow  fields,  including  those  of  forward  flight, 
will  be  performed. 


Appendix:  Holographic  Interferometry 


Double-exposure  holographic  interferometry 
is  the  interferometric  comparison  of  two  object 
waves  that  are  recorded  holographically  sequen- 
tially in  time.  The  interf erogram  is  recorded  by 
first  exposing  a photographic  film  to  a reference 
wave  and  an  "undisturbed"  object  wave,  as  shown  in 
Fig.  24a.  Later  in  time,  the  same  photographic 
plate  is  exposed  to  a reference  beam  and  a second 
"disturbed"  object  wave,  as  shown  in  Fig.  24b. 

The  irradiance  at  the  film  plane  is 


I - U + U ! + > U + u 1 
■ r o l 1 r 02  • 
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r oi  32  r o i 02  rol  02 
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The  last  two  terms  of  Eq . (Al)  represent  the  inter- 
ference pattern  recorded  on  the  film,  which  con- 
tains both  amplitude  and  phase  information  about 
the  two  reference  and  the  two  object  waves.  The 
amplitude  transmittance  of  the  developed  film, 
called  a holographic  interferogram,  is 
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(Fig.  24d) , the  transmitted  light  is 
U.  = U*t 
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The  third  term  in  Eq.  (A3)  is  the  composite  real 
image  reconstruction  of  the  two  object  waves 
(U01  +Uq2)>  which  is  the  image  that  is  photo- 
graphed and  presented  in  this  paper. 

The  primary  reason  for  using  holographic 
interferometry  is  that  it  possesses  a property 
called  cancellation  of  path-length  errors.  In  a 
holographic  interferometer,  the  interfering  waves 
divide  temporally.  That  is,  the  two  interfering 
(object)  waves  are  recorded  at  two  different 
times  but  travel  the  same  path  through  the  optical 
system  (recall  that  the  reference  wave  serves 
only  to  store  and  play  back  the  interferogram) . 
Since  there  is  no  difference  between  the  two  path 
lengths  of  the  interfering  object  waves  in  the 
optical  system,  only  changes  in  the  path  lengths 
caused  by  the  different  states  of  the  test  field 
are  displayed  as  fringes  in  the  interferogram. 

This  leaves  a useful  interferogram,  even  though 
low-quality  optics  are  used.  Therefore,  holo- 
graphic interferometry  can  be  used  in  a large- 
scale  experiment  in  which  relatively  low-quality 
optics  are  used  and  still  yield  high-quality 
interferograms . 
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When  the  reconstruction  wave  illuminates  the 
interferogram,  as  shown  in  Fig.  24c,  the  trans- 
mitted light  is 
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Fig.  3 Filtered  back  projection,  a)  The  projection  data  are  convolved  (filtered)  with  a suitable  process 
ing  function  before  back-projection;  b)  three  back-projections  of  an  absorbing  disk.  (From  Ref.  19). 
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Fig.  4 Recording  interferograms  at  various  angles  around  the  field  of  interest  for  tomographic 

reconstruction. 
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Fig.  5 Schematic  drawing  of  the  holographic  recording  system. 
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Fig.  9 Data  extraction.  a)  One-dimensional 
interferogram  evaluation  is  performed  by  scanning 
each  interferogram  at  a chosen  height  above  the 
blade  surface;  b)  fringe-order  numbers  and  coordi- 
nates are  recorded  as  input  to  the  CAT  code. 


Fig.  10  Reconstructed  flow-field  geometry, 
a)  Location  of  four  horizontal  planes  for  velocity 
contour  maps  and  perspective  views;  b)  location 
of  six  radial  stations  for  velocity  distribution 
plots . 
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Fig.  23  Perturbation  velocity  distributions  at  six  radial  locations  for  Y/C  “1.17  above  blade  center- 
line.  a)  R/R0  - 0.88;  b)  R/R0  - 0.92;  c)  R/R0  - 0.96;  d)  R/R0  “ 1.00;  e)  R/R0  “ 1.04;  f)  R/R0  “ 1.08. 
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Fig.  24  Double-exposure  holographic  interferometry.  a)  First-exposure  recording;  b)  second-exposure 
recording;  c)  reconstruction  of  the  virtual  image;  d)  reconstruction  of  the  real  image. 
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ABSTRACT 

A novel  optical  architecture  (based  on  holographic  optical  elements)  for  mak- 
ing high  speed  tomographic  measurements  is  presented.  The  system  is  designed 
for  making  density  or  species  concentration  measurements  in  a non-steady  fluid 
or  combusting  flow.  Performance  evaluations  of  the  optical  system  ire  discussed 
and  a test  phase  object  has  been  successfully  reconstructed  using  this  optical 
arrangement. 

INTRODUCTION 

Optical  computer  assisted  tomographic  (OCAT)  reconstruction  of  a three-dimensional 
unsteady  object  requires  simultaneous  acquisition  of  many  line-of-sight  measurements  (pro- 
jections). A projection  represents  an  integrated  measurement  of  absorption  or  index-of- 
refraction  along  a ray  path.  To  acquire  one  projection  a source,  often  a laser,  is  used  in 
conjunction  with  beam  steering  and  recording  elements;  all  necessary  projections  can  be 
obtained  by  either  rotating  the  object,  by  rotating  the  data  acquisition  apparatus  or  alter- 
natively by  replicating  the  system  required  for  making  one  projection.  These  approaches 
have  been  investigated  by  us  and  others  for  the  purpose  of  making,  for  instance,  measure- 
ments of  the  flow  around  a revolving  helicopter  rotorblade1  or  time  averaged  measurements 
of  complicated  turbulent  flows2.  Byer  and  coworkers  have  proposed  OCAT  for  monitoring 
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of  atmospheric  pollutants;  they  have  devised  a data  acquisition  system  which,  at  least  in 
principle,  could  provide  time-resolved  measurements  (at  a rate  of  approximately  1 millisec- 
ond per  cross  section),  but  at  present  has  only  been  used  to  make  measurements  of  static 
objects  in  their  configuration.  A rotating  mirror  is  located  at  the  center  of  a ring  of  detec- 
tors and  isotropic  scatterers.  This  system  measures  absorption  in  a plane  only  (but  could 
possibly  be  extended  to  make  volumetric  measurements)  and  the  signal-to-noise  ratio  is 
severely  limited  by  speckle  noise  when  using  a laser  light  source3.  Sweeney  and  Vest4  used 
holographic  interferometry  for  making  temperature  measurements  above  a heated  plate, 
but  their  system  was  not  designed  for  making  time-dependent  measurements  either. 

In  this  paper  we  discuss  a novel  optical  data  acquisition  system  which  is  simple  in 
its  layout,  involves  only  two  rotating  parts  and  incorporates  holographic  optical  elements 
(HOE)  for  beam  steering  and  beam  shaping.  The  system  proposed  and  investigated  here 
is  capable  of  recording  high  resolution  images  (10,000  - 100,000  pixels  per  cross  section)  at 
a rate  of  500-1000  cross  sections  per  second.  The  performance  of  the  HOEs  is  investigated 
in  terms  of  efficiency,  resolving  power  and  signal-to-noise  ratio.  To  investigate  the  validity 
and  usefulness  of  the  concept,  a test  phase  object  consisting  of  a glass  rod  placed  in  a 
container  filled  with  index-matching  fluid  is  reconstructed  from  a series  of  interferograms 
which  have  been  made  with  the  new  optical  system. 

OPTICAL  DATA  ACQUISITION  ARCHITECTURE 

To  reconstruct  a complex  three-dimensional  object  from  its  projections  it  is  usually 
necessary  to  obtain  projections  spaced  at  regular  angular  intervals  over  a 180°  arc.  Some- 
times it  is  possible  to  reconstruct  an  object  from  a limited  number  of  projections1,  but  this 
is  only  useful  for  a restricted  class  of  problems.  Therefore  we  will  concentrate  on  optical 
data  acquisition  systems  which  allow  full  viewing  of  the  object  over  a 180°  arc. 

Schematically,  the  experimental  configuration  is  indicated  in  figure  1.  An  argon 
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pumped  dye  laser  beam  is  incident  on  a beam  splitter.  The  object  wave  is  expanded, 
collimated  and  directed  by  a combination  of  a spatial  filter  and  a holographic  optical 
element  (HOEl).  The  expanded  beam  probes  the  test  object  and  either  the  absorption  co- 
efficient or  the  optical  pathlength  is  measured  along  the  ray  paths.  The  transmitted  object 
beam  is  then  imaged  by  element  HOE2  onto  the  image  plane  (camera).  At  this  location 
the  intensity  of  the  transmitted  beam  is  measured  or  phase  information  is  recorded  by 
heterodyne  detection  with  a reference  wave.  Multiple  views  are  obtained  by  using  two 
synchronized  spinning  mirrors,  Ml  and  M2.  For  the  test  configuration  described  here  only 
two  HOEs  are  used  and  the  mirrors  Ml  and  M2  are  stationary;  to  obtain  multiple  views 
for  this  test  case  the  glass  rod,  which  is  immersed  in  an  index  matching  fluid,  is  rotated 
about  the  cylinder  axis.  The  objective  of  this  experiment  is  to  test  the  usefulness  of  the 
HOEs  for  optical  tomographic  data  acquisition  and  to  investigate  the  pertinent  properties 
of  the  elements,  such  as  diffraction  efficiency,  aberration  tolerances  and  ease  of  fabrication. 

As  an  example  we  discuss  the  design  requirements  for  the  different  components,  as- 
suming that  100  projections  are  taken  per  millisecond  and  each  projection  contains  100 
rays  or  bins.  The  object  cross-section  is  25  square  centimeters  and  the  probe  beam  di- 
ameter is  5 centimeters  so  that  the  area  of  overlap  of  all  projections  covers  the  complete 
cross-section  of  the  flowfield.  These  requirements  imply  that  the  mirrors  should  be  spin- 
ning at  a rate  of  30,000  rpm  (assuming  two  mirror  faces  per  scanner  in  order  to  minimize 
the  offset  from  the  spinning  axis)  and  a 100  element  linear  detector  array  should  be  read 
out  at  a rate  of  10  Megabytes  per  second  assuming  8 bits  of  accuracy.  If  film  is  used  as 
a recording  medium  the  framing  speed  should  be  100,000  frames  per  second.  These  spec- 
ifications can  be  achieved  with  presently  available  commercial  instrumentation.  However, 
if  the  time  requirement  is  relaxed  to  obtaining  100  projections  every  2 milliseconds  (500 
Hz)  the  implementation  of  the  data  acquisition  system  becomes  substantially  simpler;  we 
have  adopted  the  latter  requirements  during  the  initial  phase  of  the  work,  but  intend  to 
find  ways  to  improve  the  time  resolution  at  a later  stage  after  we  have  obtained  experience 
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with  a less  demanding  system. 


METHOD 

Although  higher  efficiency  HOEs  could  be  obtained  in  dichromated  gelatin  emulsions, 
we  have  selected  conventional  silver  halide  film  (Agfa  8E75HD-NAH  holographic  plates) 
for  its  ease  of  use.  The  holograms  are  developed  in  the  catechol  developer  described  by 
Cooke  and  Ward5;  no  fixer  is  used.  The  developed  plates  are  bleached  in  GP432®  for 
increased  efficiency. 

The  holograms  are  constructed  in  a geometry  identical  to  that  for  which  they  are 
to  be  used;  a converging  beam  is  interfered  with  a collimated  beam  at  an  angle  of  33° 
from  opposing,  representative  of  the  geometry  for  an  average  element  in  a multi-projection 
system.  Since  the  beams  enter  the  plate  from  opposite  sides,  a reflection  hologram  is 
formed.  The  converging  beam  is  focused  to  a spot  47  centimeters  from  the  plate,  so  that 
the  created  holograms  have  a focal  length  of  47  centimeters.  The  collimated  beam  to 
converging  beam  intensity  ratio  is  2.  The  resulting  HOEs  are  reflecting,  focusing  lenses 
at  the  construction  wavelength  of  589  n m in  and  near  the  construction  geometry.  10% 
diffraction  efficiency  (diffracted  intensity  in  desired  component  / incident  intensity)  is 
easily  obtained  for  an  aperture  greater  than  3 centimeters  in  diameter.  Substantially  higher 
efficiency  (approximately  24%)  has  been  achieved  with  this  process  in  other  configurations 
in  our  laboratory. 

Two  HOEs  are  used  in  the  experiment  as  shown  in  figure  1.  To  evaluate  the  spatial 
resolving  power  of  the  HOEs,  a standard  Air  Force  test  target  is  placed  at  the  object 
position  and  imaged  onto  the  image  plane  by  the  second  HOE  at  2.4 x magnification. 
The  result  is  shown  in  figure  2;  resolution  better  than  10  lines  per  millimeter  is  obtained. 
Illumination  falls  off  in  the  corners  of  the  image  due  to  nonuniformity  of  the  illuminating 
beam  but  it  is  uniform  in  the  central  region  and  no  distortions  are  apparent.  The  potential 
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for  achieving  resolution  greater  than  200  pixels  per  projection  is  clearly  evident. 

To  obtain  interferograms,  a reference  beam  was  split  off  from  the  laser  before  the 
spatial  filter  shown  in  figure  1 and  independently  filtered,  directed  and  focused  using 
conventional  optics.  The  reference  beam  and  the  object  beam  are  recombined  at  the 
image  plane.  The  fringes  resulting  are  viewed  in  the  image  plane  corresponding  to  the 
object.  The  resulting  fringe  patterns  show  a high  signal-to-noise  ratio. 

For  the  tomographic  experiment,  a 2.2  millimeter  cylindrical  pyrex  rod  is  used  as  the 
object.  The  rod,  with  a nominal  index  of  1.474,  is  immersed  in  index  matching  fluid  with 
an  index  of  1.47.  The  magnification  in  the  image  plane  is  3.5  x;  the  imaging  greatly  reduces 
the  distortion  caused  by  raybending  as  the  rays  passing  through  the  object  encounter  index 
of  refraction  gradients7.  A sample  interferogram  is  shown  in  figure  3.  Ten  interferograms 
are  recorded,  each  corresponding  to  one  angular  position  of  the  rod.  The  rod  was  rotated 
36°  between  images  so  that  an  arc  of  360°  is  viewed. 

The  images  are  digitized  with  a PDS  model  1010A  scanner  with  a pixel  size  of  50  y m 
square  to  form  a 512x512  array.  The  data  base  is  reduced  by  extracting  a 128  pixel  high 
by  360  pixel  wide  window  from  each  image  as  shown  in  figure  3.  Since  the  rod  is  very 
nearly  vertical  and  the  properties  of  the  rod  depend  only  slightly  on  its  axial  coordinate 
as  demonstrated  in  figure  3,  the  fringes  are  periodic  along  the  z coordinate.  It  is  seen  that 
any  pixel  in  the  windowed  data  is  reproduced  periodically  along  a vertical  axis.  The  period 
is  one  seventh  of  the  window  height.  A one-dimensional  Fourier  transform  of  a column 
of  data  yields  a spectrum  from  which  the  phase  offset  of  the  fringes  can  be  determined 
across  the  width  of  the  window.  Figure  4 shows  the  averaged  magnitudes  for  the  whole 
window  of  the  vertical  frequency  components  of  one  view.  Note  that  aside  from  the  large 
D.C.  component,  seven  cycles  per  window  is  the  major  energy  containing  component,  the 
one  corresponding  to  the  fundamental  spacing  of  the  fringes;  lower  energy  harmonics  are 
also  present.  If  the  phase  of  the  seventh  component  is  extracted  for  each  column  and 
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plotted  versus  the  width  of  the  window,  the  result  is  as  shown  in  figure  5.  This  phase  plot 
corresponds  to  the  relative  spatial  offset  of  the  fringes  in  the  interferogram. 

The  phase  information  is  unraveled  by  addition  and  subtraction  of  integer  multiples  of 
jt  at  discontinuities  in  figure  5.  The  correct  multiple  was  selected  manually  by  comparing 
figures  3 and  5;  the  correct  phase  plot  is  expected  to  be  identical  in  form  to  the  trace  of  a 
single  fringe  in  figure  3.  The  background  phase  variation  is  eliminated  by  fitting  a third 
order  polynomial  to  the  background  phase  at  either  side  of  the  rod  in  each  interferogram, 
and  then  subtracting  the  function  from  the  whole  field.  The  result  is  as  shown  in  figure  6, 
which  constitutes  the  reduced  optical  pathlength  measurements  of  one  projection. 

The  ten  single  projections  are  averaged  with  their  complementary  projections,  180° 
away,  to  yield  five  projections  spaced  at  36°  to  cover  a 180°  arc  of  view.  These  five 
projections  are  aligned  to  the  same  origin,  or  axis  of  rotation,  by  placing  the  axis  at  the 
centroid  [where  values  less  than  — | are  weighted  uniformly  and  values  greater  than  — | 
receive  no  weight]  of  the  image  and  filling  in  at  the  sides  with  zeros.  By  linear  interpolation 
the  five  projections  are  extended  to  one  hundred  projections  at  1.8°  spacing  as  shown  in 
figure  7.  Convolution  backprojection®  with  a Shepp-Logan  filter9  is  used  for  reconstruction. 
When  median  filtering  with  a 3x3  window  is  performed  (to  remove  spikes  caused  by 
reconstruction  of  sharp  gradients)  the  results  are  as  shown  in  figures  8 and  9 on  a 128x128 
grid.  Figure  10  shows  a cross  section  through  the  center  of  the  reconstruction*.  After 
the  tomographic  measurements  had  been  completed,  the  rod  was  cut  and  polished  so  the 
cross  section  could  be  examined.  A photograph  of  the  index  of  refraction  field  through  a 6 
millimeter  thick  section  of  the  rod  is  shown  in  figure  11.  Note  the  spiral  pattern  which  is 
revealed  by  incandescent  light.  The  hole  in  the  center  is  evident  and  the  index  of  refraction 
is  clearly  non-uniform  in  the  cross  section,  consistent  with  the  tomographic  results. 

* Note  that  the  dip  in  the  middle  of  the  graph  indicates  a hole  in  the  center  of  the  rod  which  was  filled 
with  fluid.  The  index  in  the  hole  is  slightly  lower  than  the  index  of  the  external  fluid;  this  is  probably 
becaused  some  cleaning  solvent,  which  could  not  be  removed,  is  mixed  in  with  the  index  matching  fluid. 
It  is  also  possible  that  the  dip  is  too  low  because  of  the  reconstruction  scheme  used,  but  this  could  not  be 
verified. 
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CONCLUSIONS 


Although  HOEs  have  been  used  to  visualize  the  flow  inside  a circular  cylinder10,  this 
paper  discusses  the  first  application  of  HOEs  for  interferometry  and  tomography  of  fluid 
flows.  The  results  indicate  that  very  good  data  can  be  obtained  with  the  optical  system 
described  here;  the  signal-to-noise  ratio  is  high  and  the  resolution  of  the  reconstruction 
can  be  at  least  200x200  pixels.  A comparison  between  the  tomographic  results  shown  in 
figure  9 and  the  photograph  of  the  cross  section  in  figure  11  shows  that  the  tomographic 
reconstruction  reveals  much  of  the  structure  of  the  index-of- refraction  present  in  the  rod. 
In  particular  the  hole  and  very  small  index-of-refraction  variations  are  recovered  as  is  the 
spiral  structure  of  the  rod. 

Presently  an  effort  is  underway  in  our  laboratory  to  implement  the  full  optical  tomo- 
graphic system;  this  apparatus  will  be  used  to  investigate  a time-varying,  three-dimension- 
al, combusting  flow. 
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FIGURE  1:  Schematic  of  the  experimental  configuration.  For  the  tests  described,  only 
the  beam  path  shown  is  employed.  The  coordinates  shown  are  fixed  to  the  rod.  The  rod 
is  rotated  to  obtain  projections  at  angles  measured  relative  to  the  beam  as  shown. 

FIGURE  2:  Image  of  Air  Force  test  pattern.  Smallest  visible  pattern  corresponds  to  a 
resolution  of  at  least  10  lines  per  millimeter  in  the  object. 

FIGURE  3:  Interferogram  for  144°  projection.  The  region  outlined  by  the  box  is  the  data 
window  for  the  projections.  Note  the  periodic  structure  parallel  to  the  axis  of  the  rod. 

FIGURE  4:  Spectral  energy  density  averaged  over  the  whole  data  window  of  one  projec- 
tion (144°).  The  seventh  component  is  clearly  prominent,  with  some  energy  in  the  15th 
component  second  harmonic). 

FIGURE  5:  Phase  offset  of  the  fringes  versus  the  horizontal  component  in  one  projection 
(144°).  Discontinuities  occur  as  the  phase  exceeds  § or  — f . 

FIGURE  6:  Unraveled  phase  offset  for  one  projection  (144°).  The  phase  wraparound  has 
been  removed  to  make  the  projection  continuous. 

FIGURE  7:  Interpolated  projections.  The  complete  reduced  data  base  is  shown  inverted 
for  easier  viewing. 

FIGURE  8:  Reconstruction  of  the  index  of  refraction  in  the  rod. 

FIGURE  9:  Reconstruction  of  the  index  of  refraction  in  the  rod.  Lighter  values  correspond 
to  a higher  index  of  refraction.  Note  the  asymmetry  and  the  hole  in  the  center. 

FIGURE  10:  Cross  section  through  center  of  the  reconstruction.  Radial  structure  is  shown 
as  well  as  hole  in  the  center  of  the  rod. 
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SUMS 


Abstract 


Optical  inter feranetry  techniques  have  been  applied  to  the 
investigation  of  transonic  airfoil  flow  fields  in  large  scale  wind 
tunnels.  Holographic  interferometry  techniques  were  used  in  the 
study  of  two-dimensional  symmetric  NACA  64A010  and  supercritical 
DSMA671  airfoil  performance  in  the  NASA  Ames  2 -toy-2-  foot  Transonic 


vyina  runner. 
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were  compared  to  the  surface  pressure  data.  The  excellent 
agreement  obtained  verified  the  accuracy  of  the  flew  visualization 
and  demonstrated  the  potential  for  acquiring  quantitative  scalar 
results  with  interferometry.  Measurements  of  the  inviscid  flew 
speed  and  the  boundary  layer  and  wake  velocity  profiles  were 
extracted  from  the  inter f erograms  and  compared  to  laser  Doppler 
velocimeter  measurements.  These  results  were  also  in  good 
agreement  indicating  that  the  flow  was  sufficiently  two- 
dimensional  to  obtain  reliable  (visual),  quantitative  data  frcm 
the  spatially  integrated  results  provided  by  the  interferometer. 

A method  for  acquiring  real-time  interferometric  data  in 
large  scale  facilities  was  developed . This  method  based  on  the 
point  diffraction  interferometer  was  successfully  tested  in  the 
Ames  2-by-2-foot  Transonic  Wind  Tunnel. 
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The  holographic  and  real-time  interferometry  methods  were 
applied  to  the  investigations  of  circulation  control  airfoils 
utilizing  the  Coanda  effect.  These  results  revealed  the  details 
of  the  jet  interaction  with  the  trailing  edge  boundary  layer  and 
the  other  parameters  affecting  the  lift  augmentation. 
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OPTICAL  INTERFEROMETRY  IN  FLUID  DYNAMICS  RESEARCH 


I .0  Introduction 

Optical  interferometry  has  been  used  as  a diagnostic  tool  in 
fluid  dynamics  research  for  approximately  a century  beginning  with 
the  work  of  Ernst  Mach  (1838-1916).  More  recently,  the  method  has 
also  been  used  effectively  in  heat  transfer,  combustion,  and 
plasma  dynamics  research.  However,  the  scale  of  the  flow  fields 
that  could  be  addressed  with  interferometry  was  severely  limited 
by  the  coherence  of  the  light  source  and  extreme  sensitivity  to 
vibration.  These  problems  were  partially  alleviated  by  the 
development  of  the  laser. 

The  introduction  of  holography  by  Borman  [1]  and  the  initial 
applications  to  aerodynamic  measurements  by  Heflinger,  Wuerker  and 
Brooks  [2,  3]  represented  a notable  advance  in  terms  of  where  the 
method  could  be  applied.  Holographic  light  wave  reconstruction 
and  pulsed  lasers  provided  the  means  through  which  the  limitations 
associated  with  vibration  and  optical  quality  were  essentially 
eliminated. 

Trolinger  [4]  applied  the  method  to  the  visualization  of 
small  scale  supersonic  and  hypersonic  flew  fields.  These  results 
suggested  the  possibility  of  utilizing  the  method  in  large  scale 
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transonic  flow  field  investigations.  A holographic  interferometer 
was  developed  and  installed  on  the  NASA  Ames  2-by-2-foot  transonic 
wind  tunnel  for  this  purpose  by  the  author  in  1974.  Extensive 
testing  and  evaluations  of  the  results  were  undertaken  over  the 
subsequent  years.  During  that  time,  the  method  was  proven  capable 
of  acquiring  detailed  flow  visualization  and  accurate  quantitative 
data  in  the  NASA  Ames  2-by-2-foot,  6-by-6-foot,  and  11-foot 
transonic  wind  tunnels  [5,  6,  7,  8,  9]. 

Transonic  flows  proved  to  be  especially  suitable  to  the 
application  of  interferometry  since  compression  of  the  fluid 
occurs  continuously  throughout  the  field,  whereas  in  supersonic 
flows,  the  density  changes  occur  primarily  through  shocks.  In 
addition,  the  shocks  that  are  present  in  the  transonic  flew  fields 
are  weak  so  the  entire  flew  can  be  assumed  to  be  isentropic. 

Thus,  in  the  two-dimensional  flews  studied,  the  interference 
fringes  were  at  the  same  time  a mapping  of  the  isopycnics, 
constant  static  pressure,  flew  speed,  and  Mach  contours.  These 
data  could  readily  be  reduced  with  the  use  of  other  wind  tunnel 
flow  conditions  to  obtain  the  quantitative  results. 

The  strong  coupling  between  the  inviscid  and  viscous 
phenomena  in  transonic  flews  predicates  the  simultaneous 
observation  of  the  global  features  of  the  flew  fields  and  the 
local  viscous- inviscid  interactions.  Conditions  such  as  the  shock 
boundary  layer  interaction,  turbulence- induced  compression  waves. 
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and  pressure  gradients  generated  by  the  model  profiles  influence 
the  character  of  the  entire  flow  field.  Holographic 
interferometry  furnished  the  means  for  obtaining  detailed 
visualization  of  these  flow  chracteristics  and  for  producing 
scalar  quantitative  data  in  both  the  inviscid  and  viscous 
regions.  By  using  very  short  duration  exposures,  the  time- varying 
phenomena  in  the  flow  could  be  recorded  and  analyzed.  These 
details  are  often  lost  in  time-averaged  surface  pressure  and  probe 
measurements. 

Several  tvo-dimensional  transonic  flow  fields  were 
investigated  using  interferometry  techniques.  The  emphasis  on 
helicopter  rotor  flows  led  to  the  investigation  of  symmetric 
airfoil  flews  [5,  6].  These  flews  posed  a significant  challenge 
to  the  computational  fluid  dynamic ist,  and  as  such,  required  the 
acquisition  of  detailed  experimental  data.  The  holographic 
interferometer  and  two- component  frequency  shifted  laser  Doppler 
velocimeter  (LEV)  were  combined  in  an  effort  to  attain  these 
goals.  Because  of  the  range  of  parametric  conditions 
investigated,  the  interferometry  data  proved  effective  in 
directing  the  LEV  measurements  to  the  regions  where  flow  angle  and 
the  turbulence  quantities  were  needed.  The  detailed  flow 
visualization  provided  by  the  interferometer  made  a significant 
contribution  toward  the  understanding  of  the  complex  fluid 
dynamics  which  characterize  these  flows. 
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Supercritical  airfoils  were  also  studied  under  a cooperative 
program  with  the  Douglas  Aircraft  Corporation  and  the  Ames 
Research  Center  [7].  Hie  series  of  tests  were  part  of  an  overall 
program  with  the  goal  of  completely  documenting  these  flew  fields 
and  providing  further  insights  for  the  improved  design  of  this 
class  of  airfoil.  Flow  fields  produced  by  supercritical  airfoils 
operating  at  their  design  Mach  number  and  lift  coefficient  are 
characterized  by  regions  of  strong  viscous- inviscid 
interactions.  These  airfoils  are  also  characterized  by  large  aft 
loading.  As  such,  the  iterative  procedures  used  for  calculating 
conventional  airfoil  flews  failed  because  the  initial  inviscid 
calculations  were  often  so  different  from  the  actual  flew  field 
that  convergence  to  a physically  realistic  solution  did  not 
occur.  Simiempirical  methods  were  required  for  the  treatment  of 
the  trailing  edge  region. 

The  investigations  covered  under  the  research  program  were 
intended  to  provide  data  for  comparison  with  the  results  of 
numerical  computations.  Based  on  the  data  obtained  in  the  first 
phase  of  the  program,  modifications  were  made  to  the  airfoils  used 
in  subsequent  tests.  Laser  Doppler  velocimeter,  surface  and  pitot 
pressure  data  were  combined  with  data  from  the  holographic 
interferometer  to  provide  an  unusually  complete  description  of  the 
flow  fields. 
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Research  on  advanced  rotorcraft  utilizing  Coanda  blowing  for 
circulation  control  was  also  supported  using  holographic 
interferometry  and  a new  method  for  real-time  interferometry 
[10].  These  investigations  were  conducted  over  a period  of  three 
years  on  a nuriber  of  airfoil  configurations  operating  at  transonic 
speeds.  Circulation  control  airfoils  utilizing  the  Coanda  effect 
introduce  an  added  complexity  to  the  transonic  flow  fields  which 
increases  the  difficulty  in  understanding  and  predicting  these 
flews.  The  Coanda  effect  occurs  when  a high-velocity  jet  emits 
tangentially  from  a surface  slot  and  remains  attached  to  the 
surface  because  of  the  reduced  pressure  produced  beneath  the 
jet.  External  fluid  is  entrained  by  the  jet  assisting  the  flow  in 
remaining  attached  well-around  the  typically  blunt  trailing  edge 
of  the  airfoil. 

Interferometry  and  other  techniques  were  applied  to  generate 
a complete  visualization  of  the  flow  which  helped  resolve  same  of 
the  questions  regarding  the  flow  behavior  particularly  in  the 
neighborhood  of  the  training  edge.  A range  of  operating 
conditions  were  investigated  including  the  stall  condition  and  jet 
detachment.  Because  the  understanding  of  the  circulation  control 
airfoil  flows  at  transonic  sp>eeds  was  rather  primitive  at  the 
initiation  of  the  program,  these  investigations  were  needed  for 
elucidating  sane  of  the  complex  phenomena. 
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In  this  report,  the  development  efforts  that  were  required  in 
bringing  the  interferometric  techniques  to  fruition  as  diagnostics 
for  large  scale  transonic  wind  tunnel  testing  will  be  reviewed. 
Comparative  measurements  are  presented  to  demonstrate  the 
reliability  of  the  flow  visualization  and  quantitative  data. 
Application  of  a new  method  for  obtaining  real-time  interferometry 
data  in  large  scale  facilities  is  also  described.  The  method 
which  is  currently  under  development  by  Aerometrics  has  been 
demonstrated  in  the  Ames  2-by-2-foot  Transonic  Wind  Tunnel. 


2.0  Interferometry  Techniques 
Holographic  Interferometer 

As  a flaw  diagnostic,  the  holographic  interferometry 
technique  does  not  differ,  in  principle,  from  the  Mach-Zehnder 
method.  In  comparison,  the  holographic  method  creates 
interference  between  two  reconstructed  light  waves  which  have 
followed  similar  paths  at  different  times  vhereas  the  Mach-Zehnder 
interferes  two  light  waves  from  dissimilar  paths  at  the  same 
time.  This  distinction  is  irportant  because  component 
inperfections  in  the  optical  path  tend  to  cancel  when  holographic 
recordings  are  reconstructed  and  interfered. 


202 


Although  there  are  several  ways  in  which  holography  can  be 
used  as  an  intermediary  for  interferometry  including  double 
exposure,  real-time,  and  dual  plate  methods,  the  latter  technique 
was  found  to  be  most  useful  in  aerodynamic  applications.  With 
this  method,  an  exposure  is  made  on  a holographic  (photographic) 
plate  while  there  is  no  flow  in  the  wind  tunnel.  This  hologram  is 
later  used  to  reconstruct  the  reference  light  wave.  Subsequent 
plates  are  exposed  at  the  flow  conditions  under  investigation. 
After  processing,  the  plates  are  positioned  in  the  reconstruction 
plate  holder,  illuminated  by  a duplicate  of  the  reference  beam, 
and  aligned  for  the  infinite  fringe  mode.  One  reference  plate  can 
be  used  consecutively  with  plates  taken  at  the  test  conditions . 
Vibrations  in  the  system  are  insignificant  because  the  exposure 
duration  is  extremely  short  ( 20  nanoseconds) . Random 

displacements  between  images  on  the  plates  are  accounted  for  in 
the  reconstruction  process. 

One  major  difficulty  arises  when  utilizing  the  dual  plate 
technique.  If  the  density  of  the  flow  is  disturbed  over  the 
entire  field  of  view,  as  is  often  the  case,  it  is  difficult  to 
ascertain  when  the  interferometer  is  aligned  to  the  infinite 
fringe  condition.  That  is,  to  the  case  wherein  fringes  only  occur 
as  a result  of  changes  in  the  flew  density.  Fortunately,  a 
knowledge  of  the  transonic  flow  characteristics  and  other 
alignment  criteria  have  led  to  accurate  reconstructions  that 
produced  results  in  good  agreement  with  other  measurements. 
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The  first  conversion  of  the  wind  tunnel  schlieren  system  to 
holography  utilized  a pulsed  ruby  laser  with  a heliun  neon  laser 
for  alignment.  Ruby  lasers  produce  sufficiently  high  energy  ( 50 

milli joules)  pulses  of  short  duration  ( 20  nanoseconds)  to 

"freeze"  the  flow  being  recorded.  These  lasers  also  have  a 
coherence  length  on  the  order  of  one  meter  which  simplified  the 
alignment  requirements . Holograms  produced  with  the  ruby  laser 
had  good  diffraction  efficiency  but  the  alignment  of  the  system 
tended  to  be  very  time  consulting.  This  was  due  primarily  to  the 
relatively  long  time  periods  (30-60  seconds)  required  between 
laser  firing  and  the  need  to  align  with  a separate  CW  laser. 
Optical  path  lengths  on  the  order  of  30  meters  and  the  makeshift 
optical  system  supports  exacerbated  the  problem. 

Based  on  the  feasibility  investigations  using  the  ruby  laser 
and  a makeshift  optics  system,  a permanent  instrument  was  designed 
and  installed  in  the  Ames  2-by-2-foot  facility.  A Quanta  Ray  DCR- 
1 NdsYfiG  laser  was  used  as  the  light  source.  The  NdiYAG  laser  is 
capable  of  producing  pxilse  repetition  rates  between  l/sec  and 
22/sec  at  up  to  80  mJ  of  energy  in  the  frequency  doubled  green 
line  (0.532  m).  The  Quanta  Ray  DCR-1  laser  produces  a beam  that 
has  a so-called  "donut"  intensity  distribution  due  to  the  laser 
cavity's  unstable  resonator  configuration.  Thus,  a means  was 
required  to  transform  this  intensity  profile  into  a filled- in  beam 
with  a quasi-gaussian  shape. 


204 


The  optical  system  consisting  of  a transmitter  and  receiver 
stage  is  shown  in  Figure  1.  In  order  to  transform  the  beam 
intensity  profile,  a combination  of  a lens  and  spatial  filter  with 
a 150  micrometer  aperture  was  used.  The  beam  was  then  split  into 
two  paths  with  a beamsplitter.  The  object  or  information  beam  was 
reflected  fran  the  beamsplitter  and  expanded  to  overfill  the 
schlieren  mirror.  With  the  foci  of  the  expansion  lens  and 
schlieren  mirror  coinciding,  a collimated  beam  was  formed  and 
transmitted  through  the  wind  tunnel  test  section.  The  object  beam 
which  was  46  an  in  diameter  was  received  by  a second  spherical 
schlieren  mirror  and  refocused  to  the  receiver  stage.  An 
additional  lens  was  used  to  collimate  the  beam  at  an  appropriate 
size  for  recording  at  the  holographic  plate  holder. 

Laser  light  transmitted  through  the  beamsplitter  was  passed 
under  the  wind  tunnel  via  a trench.  Because  of  the  long  optical 
paths,  a beam  collimating  system  was  provided  to  control  the  beam 
divergence.  Optical  path  length  matching  was  achieved  with 
mirrors  used  to  fold  the  beam  within  the  trench.  The  reference 
beam  was  expanded  and  collimated  to  90  nm  in  diameter  at  the 
receiver  and  directed  onto  the  holographic  plate. 

The  angle  of  intersection  of  the  object  and  reference  beams 
at  the  holographic  plate  was  kept  small  enough  to  produce 
interference  fringes  that  were  within  the  spatial  frequency 
resolution  of  the  film.  Beam  intersection  angle  determines  the 
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spatial  carrier  frequency  which  has  variations  due  to  the  flow 
field  superimposed  on  it.  Thus,  an  adequate  margin  on  the 
frequency  is  required  to  ensure  adequate  diffraction  efficiency  of 
the  holograms. 

Point  Diffraction  Interferometer 

A relatively  new  interferometry  concept  was  investigated  for 
feasibility  in  compressible  flow  applications.  The  method  was 
attractive  in  that  it  presented  the  possibility  of  providing  real- 
time  interferometric  results. 

Hie  point  diffraction  interferometer  (PDI)  as  described  by 
Smartt  [113  is  like  sane  other  forms  of  radial  shear 
interferometers  insofar  as  it  has  the  unique  configuration  wherein 
the  light  is  divided  into  two  components  to  produce  the  test  and 
reference  waves,  after  passing  through  the  test  field.  However, 
the  PDI  is  the  only  known  concept  capable  of  producing  the 
quantitative  information  on  the  light  wave  distortion  directly. 

With  the  PDI,  the  spherical  reference  wave  is  generated  by 
diffraction  at  a point  discontinuity  located  in  the  path  of  the 
beam.  The  discontinuity  can  be  either  a circular  aperture  or  an 
opaque  disk.  Figure  2 illustrates  the  principle  of  operation. 

Hie  aperture  (or  opaque  disk)  is  located  at  the  image  of  the 
wavefront  to  be  analyzed.  In  the  embodiment  proposed  by  Sknartt, 
an  aperture  in  an  absorbing  film  or  an  otherwise  nondiffracting 
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substrate  was  used.  Light  incident  upon  the  film  and  aperture  is 
transnitted  with  a reduction  in  amplitude  while  the  aperture 
produces  a spherical  diffracted  wave.  If  the  aperture  is 
sufficiently  small,  a spherical  diffracted  wave  is  produced  which 
will  then  interfere  with  the  entire  transnitted  test  wave. 

Movement  of  the  aperture  along  the  optical  axis  away  frcm  the 
focal  plane  will  produce  circular  fringes.  Lateral  movement  of 
the  aperture  can  be  used  to  produce  linear  fringes  for  finite 
fringe  operation.  Deliberate  displacement  of  the  aperture  will 
reduce  the  intensity  of  the  diffracted  wave  which,  in  turn, 
reduces  the  visibility  of  the  resulting  fringes. 

The  important  parameters  effecting  the  visibility  of  the 
resulting  fringes  are  the  aperture  size  and  the  relative  film  and 
aperture  transmittances.  The  cone  angle  defined  by  the  first 
mininun  in  the  diffraction  pattern  should  be  greater  than  that  of 
the  receiver  system.  These  requirements  can  be  satisfied  with  the 
proper  selection  of  the  aperture  size.  However,  in  the  special 
case  of  fluid  dynamics  applications,  where  the  wave  distortions 
are  expected  to  be  large,  the  fulfillment  of  these  requirements 
will  become  more  difficult. 

Another  requirement  that  is  specific  to  fluid  dynamics 
applications  is  the  need  for  very  short  duration  exposures  to 
freeze  the  notions  in  the  flow  field.  Short  exposures,  in  turn, 
demand  the  use  of  high  power  continuous  wave  (CW)  or  pulse 
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lasers.  Hie  use  of  substrates  with  apertures  or  disks  cannot 
withstand  such  high  energy  levels.  Our  preliminary  tests 
demonstrated  that,  even  at  very  low  energy  levels,  the  pulsed 
laser  burned  holes  in  the  substrates  rendering  the  device 
inoperable. 

Because  of  the  large  range  of  wave  distortions  present  in 
fluid  dynamics  applications,  a greater  range  of  amplitudes  in  the 
diffracted  and  transmitted  waves  will  occur.  Hie  distribution  of 
energy  incident  upon  the  aperture  will  be  significantly  reduced 
when  the  focused  beam  is  spread  as  a result  of  the  flow  field 
turbulence  and  refractive  gradients  in  the  inviscid  flow.  With 
relatively  weak  disturbances  to  the  wavefronts,  a greater  amount 
of  energy  will  be  focused  onto  the  aperture  resulting  in  a greater 
amplitude  in  the  diffracted  wave.  Hie  resulting  changes  in  the 
anplitudes  of  the  focused  beam  will  produce  large  variations  in 
the  relative  intensities  of  the  object  and  reference  waves  which 
will  reduce  the  visibility  of  the  interference  fringe  pattern, 
possibly  to  an  extent  where  the  pattern  may  be  imperceptible . 

Sane  of  these  difficulties  can  be  corrected  by  changes  in  the  size 
of  the  aperture  and  the  relative  absorption  of  the  substrate. 
^cwever»  if  the  aperture  is  too  large,  the  diffracted  cone  of 
light  will  be  too  narrow  and  sane  of  the  distorted  wave  could 
appear  on  the  diffracted  wave.  By  increasing  the  absorption  of 


208 


the  substrate  the  possibility  of  burning  it  out  is  increased  and 
there  may  be  insufficient  energy  for  the  high  speed  recordings. 

Clearly,  the  advantages  of  the  technique  which  include 
relative  simplicity  of  operation,  insensitivity  to  vibration,  and 
the  opportunity  for  real-time  recording  suggested  that  attempts  to 
modify  the  concept  were  worthy  of  attention.  The  aforementioned 
limitations  to  the  application  of  the  method  in  fluid  dynamics 
research  could  be  solved  by  redesigning  the  optical  configuration. 

A great  deal  of  flexibility  in  the  operation  of  the  method 
was  achieved  with  the  optical  configuration  shown  in  Figure  3.  A 
similar  concept  was  also  considered  by  Hcwes  [13].  The  layout  of 
the  system  was  the  same  as  for  a schlieren  system  up  to  the 
receiver  section.  Either  a CW  or  pulse  laser  could  be  used  as  the 
light  source.  Because  the  path  lengths  can  be  carefully  matched, 
in  principle,  a white  light  source  could  also  be  used.  The  light 
beam  must  be  spatially  filtered  and  expanded  to  fill  the  lenses  or 
mirrors  of  the  transmitter  system  to  form  a collimated  beam.  The 
field  to  be  tested  is  located  in  the  beam  path,  as  with  a 
conventional  schlieren  system.  The  receiver  mirror  serves  to 
focus  the  light  after  passing  through  the  test  section.  At  the 
receiver,  the  beam  was  split  into  two  optical  paths  with  a 
beamsplitter.  The  transmitted  beam  was  spatially  filtered  to 
remove  the  high  spatial  frequencies  which  were  produced  by  the 
refractive  field  in  the  test  section.  This  diffracted  beam  forms 
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the  reference  wave.  The  reflected  beam  retains  the  wave 
distortion  information  produced  by  the  refractive  field.  It  was 
then  reccntoined  with  the  reference  wave.  This  section  of  the 
system  was  aligned  in  the  same  manner  as  a carmen  Mach-Zehnder 
interferometer.  However,  optical  components  on  the  receiver 
section  were  made  very  compact  and  were  rigidly  mounted  such  that 
vibration  was  no  more  serious  than  for  a schlieren  system. 

Inasnuch  as  this  configuration  complicates  the  technique,  it 
also  offered  the  needed  flexibility  for  the  application  of  the 
method  in  fluid  dynamics  investigations.  First  of  all,  the  use  of 
two  separate  optical  paths  allowed  the  reduction  of  energy 
incident  upon  the  aperture.  The  apertures  could  now  consist  of 
pinholes  that  would  withstand  the  high  energy  levels  and  which 
were  cornier ical ly  available.  Because  of  the  losses  involved  in 
the  filtering  process,  a variable  beamsplitter  was  used  instead  of 
an  absorbing  substrate  to  maximize  the  use  of  the  available 
light.  Additional  attenuation  may  be  introduced  to  maximize  the 
visibility  of  the  interference  fringe  pattern  and,  hence,  the 
signal-to- noise  ratio.  Both  the  transmitted  and  reflected  images 
produced  by  the  beamsplitter  may  be  exploited.  One  image  can  be 
used  for  real-time  viewing  while  the  other  is  being  recorded. 

The  description  of  the  amplitude  and  angular  distribution  of 
light  scattered  by  a circular  aperture  used  in  the  interferometer 
can  be  approximated  by  the  Fraunhofer  diffraction  theory  as 
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Isca{G , d)  = /0 


where  © is  the  scattering  angle  measured  from  the  incident  beam, 

IQ  is  the  incident  beam  intensity  at  the  aperture,  d is  the 
aperture  damager,  A is  the  laser  wavelength,  and  is  the  first 
order  Bessel's  function  of  the  first  kind.  Using  this  expression, 
the  diffraction  pattern  can  be  matched  to  the  nunerical  aperture 
of  the  collimating  lens  of  Figure  3.  Estimates  of  the  relative 
intensities  of  the  reference  and  object  wave  were  also  made. 

The  method  was  tested  in  the  laboratory  by  introducing  phase 
shifts  in  the  beam,  optically  filtering  it  and  then  interfering 
the  filtered  wave  with  a test  wave  that  was  spherical  or  planar  as 
appropriate.  With  this  procedure,  the  filtering  was  evaluated 
under  controlled  levels  of  distortion  an  the  incident  waves.  The 
relative  transmission  efficiency  was  measured.  Several 
combinations  of  transform  lenses  and  apertures  were  considered  in 
the  analysis.  Hie  controlling  parameter  was  the  intensity 
incident  upon  the  pinhole.  A short  focal  length  lens  would 
increase  the  intensity  but  would  accelerate  the  burnout  of  the 
pinhole.  On  the  other  hand,  a long  focal  length  lens  and  larger 
pinhole  would  require  a much  longer  focal  length  lens  to  collimate 
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the  filtered  reference  beam  at  a diameter  large  enough  to  overlap 
the  object  or  data  beam. 

These  considerations  also  affected  the  selection  of  the 
recording  media.  In  the  early  stages  of  the  investigation, 
Polaroid,  4"  X 5"  sheet,  16rmi  novie,  and  35nm  film  was  used. 
Estimates  of  the  film  resolution  were  made  based  upon  the  previous 
work  with  holographic  interferometry.  For  example,  the  fringe 
spacing  in  the  boundary  layer  of  a supercritical  airfoil  was 
approximately  0.5nm.  If  the  entire  field  of  view  was  recorded 
(450rtm),  the  approximate  resolution  for  4"  X 5"  film  would  be  10 
lines  per  ntn.  On  35mn  film,  this  represents  a spatial  resolution 
of  approximately  30  lines  per  mu.  Using  16  mn  movie  film,  the 
resolution  must  be  approximately  60  lines  per  mn.  This  is  at  the 
resolution  limit  of  conventional  films.  High  speed  film  generally 
has  large  grain  size  and  lower  resolution. 

Thus,  it  was  inportant  to  maximize  the  intensity  on  the 
pinhole  in  order  to  relax  the  requirements  on  the  recording 
media.  In  an  effort  to  mitigate  this  requirement,  it  was 
instructive  to  recognize  that  the  scattered  intensity  (intensity 
of  the  reference)  beam  increases  as  the  square  of  the  aperture 
diameter.  It  is  also  known  from  diffraction  theory  that  the 
angular  distribution  of  the  scattered  light  decreases  as  l/d 
( eg.  u If  the  aperture  diameter  and  distance  to  the 

point  of  observation  was  increased  by  a factor  of  two,  the  area  of 


212 


the  reference  beam  would  remain  essentially  the  same.  However , 
the  intensity  was  increased  by  a factor  of  4.  The  aperture  size 
is  limited  by  the  relative  distortion  on  the  incident  beam.  If 
the  aperture  is  too  large  relative  to  the  focused  incident  beam, 
the  diffracted  wave  will  carry  a distorted  component  of  the 
incident  wave. 

Further  parametric  studies  of  the  optical  filtering  are  being 
carried  out  in  the  continuation  of  the  research  program. 
Optimization  of  the  filtering  aperture  requires  considerations 
that  include  pinhole  survival,  spatial  filtering,  reference  beam 
intensity,  and  susceptibility  to  misalignment. 

Data  Reduction 

Obtaining  quantitative  results  from  the  interferograms  is 
straightfoward  for  two-dimensional  flews.  The  pathlength  through 
the  wind  tunnel  in  the  present  case  was  61  cm  so  the  density 
changes  at  the  test  flow  Mach  nutibers  was  sufficient  to  produce  an 
optimum  nunber  of  interference  fringes  in  the  infinite  fringe 
mode.  Using  the  infinite  fringe  mode  has  the  advantage  that  the 
fringes  produce  a direct  napping  of  the  constant  density  contours. 

Evaluation  of  the  density  change  per  fringe  can  be  determined 
using  the  following  relationships.  In  an  inhomogeneous  density 
test  field  the  phase  shift  of  the  light  wave  is 


(f£) " i / 1 In(x*y)  - “old* 


where  is  the  laser  wavelength  and  n is  the  index  of 
refraction.  When  the  interferometer  is  aligned  in  the  infinite 
fringe  mode,  the  equation  of  the  fringes  is 
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(n(x,y)  - nQ]dz  » NX 


where  N is  an  integer.  Applying  the  Gladstone-Dale  Constant 
relating  phase  variation  to  density,  the  integrated  relationship 


is 


/ \ ^ NX 

p(x,y)  - p0  + 


The  constant  values  used  in  the  tests  to  be  described  were: 

L » 609.6  mn 
* 0.532  m 
K * 0.226  (grn/cm?)”1 


_X_ 

KL 


0.532  x 10"3  nm 


0.226  (gm/cm3)”1  609.6  nm 


Carbining  the  constants  and  adjusting  for  the  wall  boundary  layers 
result  in: 


2.46  x i<r4  i^fti 
fringe 


P 
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It  remained  to  identify  a particular  fringe  to  be  used  as  the 
reference  with  its  corresponding  density.  This  was  done  in 
several  ways.  If  there  was  a region  of  undisturbed  flow  in  the 
field  of  view,  the  wind-tunnel  conditions  could  be  used. 
Unfortunately,  this  was  not  generally  the  case.  Instead,  a 
surface  pressure  measurement  was  converted  to  density  by  using  the 
total  temperature,  TQ,  and  the  total  pressure,  PQ.  Another 
independent  reference  could  be  obtained  from  the  inviscid  flow 
velocity  measured  with  the  laser  veloc imeter , for  example . 

Flow  Fields  Investigated 

The  experiments  which  produced  the  examples  in  this  paper 
were  conducted  in  the  Ames  2-by— 2-foot  Transonic  Wind  Tunnel. 

This  tunnel  is  a closed-return,  variable  density  flow  facility 
with  21%  open  porous- slotted  upper  and  lower  walls  for  transonic 
testing.  The  airfoils  tested  were  a NftCA  64AD10,  a Douglas 
Aircraft  Corporation  DSMA671  supercritical  airfoil  and  several 
circulation  control  airfoils  utilizing  the  Coanda  effect.  Win! 
tunnel  test  conditions  ranged  from  a free— stream  Mach  number  of 
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0.3  to  0.9  and  chord  Reynolds  nimber  of  106  to  2 x 106. 

Transition  strips  were  used  on  the  upper  and  lcv/er  surfaces  of  the 
airfoils  to  ensure  fully  developed  turbulent  flows. 


3.0  Results  and  Discussions 

Interferometry  data  were  obtained  over  a range  of  conditions 
and  the  quantitive  results  compared  to  measurements  obtained  by 
other  means.  Because  of  the  possible  uncertainties  in  the 
alignment  of  the  reconstructed  light  waves,  a series  of  tests  were 
deemed  necessary  to  determine  how  accurately  the  waves  could  be 
aligned  to  the  infinite  fringe  mode. 

Evaluation  of  the  optical  system  was  conducted  using  pairs  of 
holograms  exposed  with  no  flow  in  the  wind  tunnel.  Reconstruction 
of  the  two  light  waves  and  alignment  of  the  waves  to  the  infinite 
fringe  mode  ideally  should  result  in  no  fringes  over  the  field  of 
view.  Typically,  one  or  two  fringes  would  occur  after  careful 
alignment.  This  was  considered  to  be  an  acceptable  level  of  error 
considering  the  number  of  fringes  present  under  the  test 
conditions. 

Interferograms  could  not  be  trusted  even  for  flow 
visualization  in  the  initial  phase  of  the  instrumentation 
development . With  the  light  wave  over  the  entire  field  of  view 
disturbed  due  to  the  flow.  Figure  4,  the  alignment  of  the 


interferometer  was  uncertain.  Thus,  the  interferometric  results 
were  reduced  to  basic  flow  parameters  and  compared  to  measurements 
with  other  means.  Hie  most  readily  available  and  reliable  data  is 
the  surface  pressure  distribution. 

With  the  assumption  of  i sen  tropic  flow,  the  densities 
measured  from  the  inter ferograms  were  reduced  to  surface  pressure 
coefficient  by  the  relationship 


and 


where  is  the  freestream  Mach  nuxtoer,  Y=  1»4,  and  Pt  and  pt 
are  the  pressure  and  density  at  the  stagnation  conditions.  The 
density  of  one  of  the  fringes  was  identified  using  a pressure 
measurement  at  one  point  in  the  flow.  Fringes  were  then  simply 
counted  from  the  reference  to  obtain  the  density  at  each  point  in 
the  flow  field. 

Agreement  between  the  measured  surface  pressure  and  the 


interferometric  data.  Figure  5 was  generally  very  good  which 
confirmed  the  interferometric  results.  It  should  be  recognized 


corrected  downstream  total  pressure  offered  only  a slight 
improvement  in  the  pressure  distribution. 

Experiments  were  also  conducted  on  supercritical  airfoils  for 
the  Douglas  Aircraft  Corporation  [7],  Figure  8.  Supercritical 
airfoils  characteristically  have  flat  upper  surfaces  to  maintain 
shock-free  flew  or  to  hold  the  shock  well  aft  on  the  airfoil.  The 
trailing  edge  had  a lower  surface  concavity  which  produced  a 
relatively  large  aft  loading.  Comparisons  to  the  64A010  airfoil 
shewed  that  the  closed  fringe  contours  in  the  primary  inviscid 
flew  were  symmetrically  located  above  and  belcw  the  trailing 
edge.  By  contrast,  the  closed  contours  were  displaced  streamwise 
in  the  inter ferograms  corresponding  to  the  supercritical  airfoils, 
indicating  local  maxima  of  pressure  both  in  the  lower-surface 
concavity  and  downstream  of  the  trailing  edge  on  the  upper  surface 
of  the  near  wake. 

The  inter ferogram  data  provided  static  pressure  distributions 
at  the  outer  edges  of  the  boundary  layer  and  near  wake.  Figure  9, 
which  are  difficult  to  measure  by  other  techniques.  Significant 
static  pressure  gradients  normal  to  the  streamlines  could  be 
present  in  the  near  wake  flows  produced  by  supercritical 
airfoils*  Pressure  variations  ail  so  occurred  across  the  lower- 
surface  boundary  layer  in  the  lower  surface  concavity.  These  data 
were  used  to  correct  the  boundary  layer  and  wake  profile 
measurements  using  pitot  and  static  pressure  probe  measurements. 


that  the  surface  pressure  data  represents  time-averaged  results 
obtained  at  points  on  the  midspan  of  the  airfoil.  The 
interferometric  results  were  spatially  averaged  over  the  span  of 
the  airfoil  but  recorded  at  an  instant  in  time.  Thus,  the  good 
agreement  in  the  results  also  confirmed  the  relative  two- 
dimensionality  of  the  flew.  A small  difference  in  the  data  have 
occurred  in  the  neighborhood  of  the  shock.  This  was  due  to  the 
interaction  of  the  shock  with  the  sidewall  boundary  layers.  The 
interaction  typically  causes  the  shock  to  move  forward  at  the 
sidewalls. 

At  an  airfoil  angle  of  attack  of  3.5°  wherein  the  shock  was 
relatively  strong,  there  was  a concern  with  the  loss  of  total 
pressure  across  the  shock  producing  errors  in  the  data.  However, 
the  good  agreement  with  the  pressure  data  verified  that  the  total 
pressure  loss  across  the  shock  and,  hence,  the  change  in  entropy, 
was  insignificant.  With  an  increased  angle  of  attack  to  6.2°, 
Figure  6,  massive  shock- induced  separation  occurred.  There  was 
uncertainty  as  to  whether  the  interferometric  data  obtained  at  the 
outer  edge  of  the  separated  boundary  layer  would  provide  an 
accurate  representation  of  the  surface  pressure  in  such  cases. 
However,  the  results  shown  in  Figure  7 demonstrated  the  very  good 
agreement  achieved  even  with  a strong  shock  and  severe  flew 
separation.  An  estimation  of  the  shock  strength  was  made  to 
obtain  an  estimation  of  the  loss  in  total  pressure.  Using  the 
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Once  the  relative  accuracy  of  the  interferometry  data  was 


confirmed,  the  Mach  contours  determined  from 
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were  traced  from  the  inter  ferograms . Hie  Mach  contours  provide  a 
quantitative  mapping  of  the  global  features  of  the  flow  and  are 
valuable  for  comparisons  to  numerical  predictions  of  the  inviscid 
flow  field. 

The  flew  speed  was  determined  from  the  density  distribution 
using  the  assumption  of  isentropic  flow  of  a perfect  gas  and  the 
relationship 


1 
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where  ct  is  the  speed  of  sound  at  the  stagnation  or  total 
conditions.  Figure  10  shows  the  flow  speed  data  compared  to  laser 
Doppler  velocimeter  measurements.  The  results  were  in  very  good 
agreement  indicating  that  flow  speed  measurements  could  be  easily 
obtained  for  the  mviscid  flew.  This  represents  an  efficient 
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means  for  mapping  the  flow  speed  when  coupled  with  the  laser 
Doppler  velocimeter  to  obtain  flow  angle  information  where  this 
parameter  cannot  be  inferred  from  the  model  geometry. 

Viscous  flow  information  may  also  be  obtained  from  the 
interferograms.  One  of  the  advantages  of  the  interferometry 
method  when  applied  to  aerodynamics  investigations  is  the  ability 
to  visualize  the  boundary  layer  and  wake  flows.  This  information 
can  be  used  to  direct  the  laser  Doppler  velocimeter  or  other  probe 
methods  to  regions  of  interest  in  the  flow.  In  addition  to  the 
flow  visualization,  flow  speed  within  the  viscous  layer  may  also 
be  obtained.  Assigning  constant  pressure  across  the  layer, 

Crocco' s relationship  given  by 
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and  the  perfect  gas  law.  Te'  Tad'  and  Tw  are  the  edge,  adiabatic, 
and  wall  temperatures , and  r is  the  turbulent  recovery  factor 
which  is  set  equal  to  0.88. 

Comparisons  were  made  to  boundary  layer  and  wake  profiles 
measured  with  pitot  probes  and  the  laser  Doppler  velocimeter. 
Representative  results  obtained  on  the  supercritical  airfoil, 
Figure  8,  are  presented  in  Figure  11.  Overall,  the  measurements 


221 


were  in  good  agreement..  Hcwever , the  differences  in  the  minimum 
flow  speed  regions  may  have  been  due  to  slight  three-dimension- 
ality in  the  wake  and  to  the  reduced  sensitivity  of  the 
inter fercme ter  in  this  region.  At  low  flow  speeds,  the  density 
change  is  very  snail  with  variation  in  velocity. 

A program  of  testing  was  performed  to  evaluate  circulation 
control  airfoils  utilizing  the  Ooanda  effect.  Circulation  control 
airfoils  produce  a rather  canplex  flow  field  that  is  associated 
with  the  high  speed  jet  interacting  with  the  turbulent  boundary 
layer.  Although  the  entire  flow  field  was  of  interest,  attention 
was  focused  on  the  jet  flow  entrainment  mechanisms  at  the  trailing 
edge.  This  region  of  flow  does  not  lend  itself  to  measurements  by 
probes  or  the  laser  Doppler  velocimeter  because  of  the  small 
scales  involved  and  the  proximity  to  a reflecting  surface. 

Holographic  interferometry  data  were  obtained  over  a wide 
range  of  parameters  including  Mach  nurtoers,  Reynolds  nimbers, 
angles  of  attack,  and  Coanda  blowing  pressures  [13].  Because  of 
the  very  large  lift  coefficients  produced  and  the  interaction  of 
the  Coanda  jet  with  the  sidewall  boundary  layers , there  was 
justifiable  concern  with  three-dimensional ity  in  the  flow.  As  in 
the  previously  described  investigations,  comparisons  of  the  inter- 
ferometric data  to  surface  pressure  measurements  were  used  to 
evaluate  the  results . The  results  were  found  to  be  in  very  good 
agreement  except  over  the  Coanda  jet.  In  this  region,  there  was  a 
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substantial  normal  pressure  gradient  between  the  inner  and  outer 
parts  of  the  jet.  Thus,  the  differences  were  expected  and 
acutally  provided  a means  for  determining  the  normal  pressure 
gradient. 

In  the  absence  of  blowing,  the  boundary  layers  separated  from 
the  airfoils  at  approximately  the  tangency  points  where  the  change 
in  body  curvature  began  for  the  blunt  trailing  edge.  With  Coanda 
blowing  the  flow  remained  attached  much  further  around  the 
trailing  edge.  This  movement  of  the  rear  stagnation  point 
produced  increased  circulation.  Circulation  typically  increases 
with  increased  blowing  until  stall  occurs.  One  type  of  stall  that 
occurred  was  a result  of  jet  detachment  which  was  documented  in 
this  work. 

The  degree  of  jet  mixing  that  takes  place  determines  the 
ability  of  the  jet  to  entrain  the  external  flow.  Hew  effective 
this  entrainment  process  is,  depends  upon  the  character  of  the 
incident  turbulent  boundary  layer.  Upstream  shock  strength, 
compression  waves  and  the  trailing  edge  pressure  gradient  produced 
by  the  airfoil  geometry  will  thus  influence  the  efficiency  of  the 
evanda  jet.  These  pheomena  were  effectively  visualized  using  the 
interferometry  techniques  and  quantitative  results  were  correlated 
with  the  airfoil  performance.  Only  the  preliminary  results  of 
these  investigations  can  be  presented  since  the  remaining  data 
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have  been  classified  because  of  their  importance  to  the  DARPA  X- 
Wing  Program, 

Figure  12  is  a typical  example  of  the  flow  fields  studied. 
The  airfoils  are  typically  elliptic  in  shape  with  or  without 
camber.  With  blowing,  the  flows  revealed  a very  high  strearrwise 
pressure  gradient  at  the  trailing  edge  as  indicated  by  the  close 
spacing  of  the  fringes  in  that  area.  The  local  pressure  maxima 
represented  by  the  center  of  the  concentric  fringe  patterns  moved 
upstream  to  the  trailing  edge  of  the  airfoil  as  the  blowing  was 
increased.  The  rear  stagnation  point  became  localized  and  was 
observed  to  move  around  the  trailing  edge. 

Interferometry  provided  a very  efficient  means  for 
visualizing  the  details  of  the  flow  at  the  trailing  edge  of  the 
airfoil.  Figures  13  a and  b shew  typical  results  for  the  unblown 
(13a)  and  the  blown  (13b)  cases.  The  fringes  running  essentially 
parallel  to  the  flow  represent  the  boundary  layer  and  the  small 
notch  on  the  upper  surface  is  the  blowing  slot  (h=250  micro- 
meters). Without  blowing,  the  boundary  layers  separated  from  the 
airfoil  and  produced  a large  wake.  When  blowing  was  introduced, 

t 

the  boundary  layer  became  entrained  by  the  jet.  The  jet  is 
clearly  visible  around  the  trailing  edge.  The  ability  to 
visualize  these  features  of  the  flow  and  obtain  incident  boundary 
layer  data  is  valuable  to  the  aerodynamicists  and  the 
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computational  fluid  dynamacists  attempting  to  predict  these  flew 
fields. 

The  read.- time  point  diffraction  interferometry  method  was 
also  used  in  this  series  of  tests.  However,  before  implementing 
the  method  in  the  wind  tunnel,  several  laboratory  tests  were 
conducted  to  ensure  that  the  results  produced  were  reliable. 
Comparisons  of  interferograms  obtained  using  holography  were  made 
for  simple  free  convection  flows  (Figure  14).  The  results  were 
essentially  identical.  One  significant  advantage  of  the  real-time 
inter  ferane ter  was  the  speed  with  which  the  results  could  be 
obtained.  Using  Polaroid  film,  the  real-time  interferogram  was 
available  in  a matter  of  seconds  whereas  the  holographic 
interferometer  required  approximately  20  minutes. 

A makeshift  optical  system  for  the  PDI  method  was  installed 
on  the  Ames  2-by-2-foot  transonic  tunnel.  Both  the  Nd:YAG  laser 
and  an  18-watt  Argon-ion  CW  laser  were  alternately  used  as  the 
light  source.  A high  speed  movie  camera  was  used  to  record  the 
inter fercmetric  data.  No  special  vibration  isolation  equipment 
was  required  even  in  the  wind  tunnel  environment . 

Real-time  viewing  of  the  interferometry  results  proved  to  be 
an  excellent  means  for  visualizing  the  flow  field  phenomena. 
Dynamic  events  such  as  the  vortex  shedding  and  the  turbulent 
interactions  of  the  Coarxla  jet  and  the  boundary  layer  are  often 
lost  when  recorded  on  single  exposures . Relative  motion  between 
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the  various  parts  of  the  flew  provided  the  added  dimension  needed 
to  better  understand  the  flow  behavior.  Although  not  recognized 
in  the  still  images,  large  scale  aperiodic  shedding  of  vorticity 
was  clearly  visible  at  certain  flew  conditions.  Recordings  of 
these  flow  phenomena  were  made  cn  movie  film  at  400  frames  per 
second.  This  framing  rate  and  shutter  speed  were  adequate  in 
preventing  the  blurring  of  the  fringe  patterns  as  a result  of  flow 
field  unsteadiness. 

Unfortunately,  these  results  have  been  classified  as 
proprietary  by  NASA  and,  thus,  were  not  available  for  this  report. 


4.0  Summary  and  Conclusions 

Although  holographic  interferometry  was  previously  used  for 
flew  field  visualization  and  to  obtain  some  quantitative  results 
in  small  wind  tunnels  ( 13  cm  X 13  an) , it  had  not  been  utilized 

in  full  scale  facilities.  The  program  of  research  on  transonic 
flew  fields  conducted  at  the  NASA  Ames  Research  Center  was 
successful  in  demonstrating  the  potential  of  the  interferometry 
techniques.  Because  the  interferometry  data  from  the  two- 
dimensional  flows  was  easy  to  interpret  and  reduce  to  quantitative 
results,  the  reliability  and  accuracy  of  the  method  were  easily 
confirmed  by  comparison  to  measurements  by  other  means . The 
method  provided  detailed  flow  visualization  of  the  entire  flow 


226 


field  and  produced  accurate  results  for  both  the  inviscid  and 
viscous  flew. 

A new  interferometry  method  was  developed  and  applied  to  flaw 

field  investigations.  The  method  promises  to  provide  a valuable 

/ 

alternative  to  holographic  interferometry  for  practical 
aerodynamics  research.  Real-time  interferometric  results  made 
available  with  the  method  enhanced  the  level  of  detail  available 
to  the  experimental  fluid  dynamicist. 

Future  development  efforts  are  planned  for  improving  the 
point  diffraction  interferometer  (PDI)  system.  The  availability 
of  real-time  interferometry  and  the  very  high  data  recording  rates 
that  can  be  achieved  places  added  importance  on  data  reduction 
techniques.  Aercmetrics  personnel  are  currently  investigating 
methods  for  reducing  the  interferometry  results  from  the  PDI  on- 
line. Methods  have  been  considered  that  can  produce  the 
quantitative  results  in  essentially  real  time. 
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1.  Schematic  of  the  Ames  Holographic  Interferometer. 

2.  Schematic  of  the  Smartt  Point  Diffraction  Inter fercmeter . 

3.  Schematic  of  the  Improved  Point  Diffraction  Interferometer. 

4.  Infinite  - Fringe  Interferogram  of  NACA  64 AO  10  at  =0.8, 

3.5°. 

5.  Comparison  of  Boundary- layer  Edge  pressures  with  Surface  Pressure. 

6.  Infinite  - Fringe  Interferogram  of  NACA  64A010  at  =0.8,  = 

3.5°. 

7.  Comparisons  of  Measured  Surface  Pressure  Coefficients. 

8.  Interferograms  of  DSMA  671  Supercritical  Airfoil  Flew  Fields, 

= 0.5,  = 6.1°. 

9.  Comparisons  of  Data  frem  Static  Pressure  Orifices  and  Pressures 
Determined  from  the  Interferograms. 

10.  Flow  Speed  Distribution  Measured  with  the  Interferometer  and  the 
Laser  Doppler  Velocimeter. 
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Figure  11.  Trail ing-edge  Boundary  Layer  and  Wake  Profiles. 

Figure  12.  Inter ferogram  of  the  Circulation  Control  Airfoil  Flow. 
Figure  13.  Enlargements  of  the  Tr ailing-edge  Flow  Fields. 

13a.  Coanda  Jet  Off. 

13b.  Coanda  Jet  On. 

Figure  14.  Comparisons  of  Holographic  and  Point  Diffraction 
Interferometry 
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Figure  1.  Schematic  of  the  Ames  Holographic  Interferometer . 


Figure  2. 
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Schematic  of  the  Smartt  Point  Diffraction  Interferometer . 
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Figure  5.  Garoparison  of  Boundary— layer  Edge  pressures  with  Surface  Pressure 


Figure  6.  Infinite  - Fringe  Interferogram  of  NACA  64A010  at  = 0.8,  Q = 6.2° 
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Figure  7.  Comparisons  of  Measured  Surface  Pressure  Coefficients. 
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Figure  8. 


Inter ferograms  of  DSMA  671  Supercritical  Airfoil  Flew  Fielcs, 
Mqq  = 0.5,  = 6.1°. 
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Figure  11.  Trail ing-edge  Boundary  Layer  and  Wake  Profiles. 
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Figure  12.  Interferogram  of  the  Circulation  Control  Air foi 


0Sti£E3AL  PAGE  IS 
m POOR  QUALITY 


13a.  Coanda  Jet  Off. 


[Figure  13.  Enlargements  of  the  Trailing-edge  Flow  rields. 
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Transonic  Flow  Visualisation  using  Holographic 
Interferometry. 

Peter  J Bryanston-Cross 

Paper  presented  for  the  Nasa  workshop  on  'Data  Reduction 
and  Interpretation  of  Images  and  Interferograms'  Nasa 
Ames  Jan  10th  & 11th  1985. 

Over  the  past  ten  years  experiments  have  been  conducted 
with  the  objective  of  extracting  useful  fluid  dynamic 
information  from  holograms.  The  fluid  being  studied  has 
been  air  and  its  compressibility,  at  transonic  speeds, 
measured  interferometrically . 

The  type  of  problems  to  which  holography  has  been  found 
applicable  at  transonic  speeds  are:- 

1.  Axial  Gas  Turbines. 

1.1  First  stage  compressor  shock  system. 

One  of  the  major  optical  measurement  success  has  been  the 
use  of  holography  to  visualise  the  leading  edge  shock 
structure  on  transonic  compressors.  This  work  was  started 
by  several  groups  in  the  late  sixties,  [1].  Their 
attempts  to  develop  the  method  were  limited  by  the 
quality  of  the  lasers  used  and  the  test  facilities 
available.  Since  then  Rolls-Royce  UK  have  taken  the 
method  and  applied  it  to  commercial  gas  turbine 

compressor  problems.  It  is  currently  used  to  test  each 
new  compressor  [2]. 

A typical  first  stage  transonic  compressor  fan  can  be  as 
large  as  2m  in  diameter,  figure  1,  with  the  shock 
structure  existing  over  two  thirds  of  the  blade  height. 
The  holographic  system  uses  a ruby  pulse  laser  to 
visualise  this  leading  edge  shock  structure  in  three 
dimensions.  The  virtue  of  this  method  is  speed,  taking  no 
more  than  4hrs  of  rig  running  to  map  all  the  blades  for  4 
characteristic  points  on  a performance  curve. 
Approximately  200  holograms  are  made  during  each  test. 
These  are  examined  to  select  particular  blade  passages 
for  more  detailed  study  with  LDA.  Normally,  the 
detailed  LDA  measurements  take  up  to  40hrs  of  further 
rig  running.  Current  data  reduction  in  this  area  is 
achieved  by  logging  the  holographic  data  manually  into  a 
computer  and  then  using  3 dimensional  plotting  packages 
to  illustrate  the  shock  position. 

A detailed  description  of  the  method  has  been  made  in 
[2].  However  for  this  part  of  the  paper  a simplified 
account  will  be  made. 


The  output  beam  from  a pulse  laser  is  divided  into  two 
parts.  One  forms  the  reference  beam  the  other  the  object 
beam,  figure  2.  The  method  can  be  used  because  of  the 
type  of  laser  currently  available.  The  coherence  length 
of  the  ruby  pulse  laser  is  of  the  order  of  1 metre, 
making  it  possible  to  form  holograms  without  contour 
fringes  of  objects  up  to  3 metres  across.  As  a result  it 
is  possible  to  expand  a laser  beam  to  reflect  from  the 
inside  surface  of  a gas  turbine  of  4 square  metres. 
This  illuminated  area  forms  the  background  against  which 
the  shock  structure  can  then  be  viewed.  The  second 
feature  of  the  laser  is  that  it  can  produce  two  such 
pulses  of  the  same  frequency  and  spatial  coherence 
length,  ie  1 clean1  , non-contoured  holograms  95%  of  the 
time. 

The  sample  beam  illuminates  the  inside  of  the  casing  of 
the  engine  directly  ahead  of  the  rotor.  From  a view 
point  just  over  the  rotor  it  is  possible  to  see  between 
the  passing  blades  the  upstream  illuminated  area. 

The  air  just  ahead  of  the  shock  has  a density  lower  than 
that  just  after  the  shock.  If  two  holographic  exposures 
are  made  (approximately  2 microseconds  apart)  then  two 
holograms  are  made  on  the  same  piece  of  film.  The  only 
difference  between  the  holograms  being  the  movement  of 
the  shock  as  it  passes  the  viewing  window,  figure  3.  It 
is  this  difference  in  shock  position  and  its  overlap 
between  the  two  exposures  in  the  hologram,  which  is 
visualised  as  an  optical  phase  shift.  Such  a shift  makes 
the  position  of  the  shock  apparent  as  a dark  or  bright 
area  in  the  reconstructed  hologram  as  shown  in  figure  4. 


1.2  Modal  vibration  of  fans. 

Holography  has  also  found  application  in  the  modal 
vibrational  analysis  of  the  compressor  fans.  This  is 
done  regularly  on  static  fans  and  in  a few  instances  on 
fluttering  rotating  assemblies,  as  described  in  [3]  and 
[4],  For  vibrational  holography  the  digitisation  of  the 
data  is  far  simpler,  in  that,  the  blade  represents  a two 
dimensional  surface.  The  movement  of  the  surface  due  to 
vibration  can  be  calculated  from  the  analysis  of  two 
photographic  reconstructions  made  from  two  holograms  of 
the  same  object  at  different  viewing  angles.  However 
the  accuracy  of  this  stereographic  reconstruction  method 
relies  on  the  exact  location  of  both  the  object  and  the 
reconstructed  hologram.  It  is  noted,  that  the  errors 
which  can  be  generated  by  changing  the  reconstruction 
wavelength  and  by  rotating  the  angle  of  analysis  are  not 
negligible. 


262 


1.3  Turbine  stages 

Holography  is  also  being  applied  with  growing  success  to 
the  turbine  stages  of  the  Axial  gas  turbine.  Starting 
with  two  dimensional  cascade  work  discussed  in  [5]  and 
now  developing  into  a diagnostic  for  rotating  test  rigs. 

An  interesting  situation  has  arisen  with  the  development 
of  complicated  numerical  prediction  codes,  in  that,  there 
are  few  well  documented  test  cases  against  which  they 
can  be  critically  tested.  Interferometric  data  has 
sufficient  resolution  to  test  the  codes  at  the  points 
where  they  are  most  sensitive.  Currently  this  is  the 
leading  edge,  where  a comparison  with  an  inviscid  code 
has  been  made,  figure  5 [6],  and  trailing  edge  of  the 
blade,  figure  6 [7].  This  academic  research  has  led  to 
improvements  in  the  numerical  modelling  of  these  regions 
and  has  contributed  to  the  understanding  of  the 
turbulence  modelling,  essential  in  the  development  of 
full  Navier  Stokes  solvers.  An  illustration  of  this 
is  shown  in  figure  7 where  the  sidewall  boundary  layer 
separation  has  been  predicted  and  compared  with 
interferometric  data.  The  simplest  method  of  evaluating 
and  interpreting  data  in  these  cases  has  been  to  scale 
the  output  contour  plots  of  the  numerically  generated 
data  to  match  in  size  the  photographic  reconstructions 
made  from  two  dimensional  interferograms  [8].  The 
contour’s  heights,  which  then  match  the  optically 
generated  isodensity  fringe  spacings,  give  a sharp  test 
of  the  ability  of  the  code  to  model  the  flow. 

One  experimental  series  completed  at  the  Whittle 
laboratory  CUED,  was  designed  to  explore  the  possibility 
of  being  able  to  form  holograms  with  interferometic 
tolerances  without  the  need  of  a rigid  framework.  In 
effect  the  cascade  walls  formed  the  optical  framework, 
with  the  pulse  laser  situated  outside  of  the  2m 
diameter  test  facility.  To  achieve  this  result  a drop  in 
optical  resolution  has  been  tolerated;  however  it  has 
been  possible  to  make  the  following  measurements.  The 
Isodensity  data  shows  in  detail  the  leading  edge 
stagnation  position,  the  shock  boundary  layer  interaction 
region,  the  trailing  edge  vortex  structure  and  on  the 
surface  of  the  blade  a projection  of  the  flow 
distribution,  figure  8.  For  these  cases  the  data 
reduction  has  been  achieved  by  hand  in  two  stages. 
Firstly  the  data  has  been  photographed  and  then  the 
photographs  digitised.  The  objective  of  this  work  is 
directed  towards  producing  a holographic  diagnostic  which 
could  be  attached  to  a rotating  test  facility.  Such  a 
device  could  then  be  used  to  examine  the  stator  rotor 
interaction  and  related  rotor  passing  effects. 

All  the  experiments  have  been  completed  with  the  use  of 
a high  power  solid  state  laser.  High  resolution  3,000 
lines  per  millimetre  holographic  film  and  plates  have 
been  used  as  the  data  storage  material. 
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2.  Steam  Turbines. 


There  has  been  less  holographic  interest  in  steam 
turbines,  partly  due  to  lower  funding  and  the  lack  of 
available  test  facilities.  Industrial  steam  turbine  sets 
also  tend  to  be  less  accessible  than  the  large  aero  gas 
turbines,  which  have  had  the  external  fittings  pared  down 
to  meet  the  weight  and  pod  mounting  needs  of  a flying 
engine.  One  of  the  main  difficulties  is  that  the  gas 
density  passing  through  the  last  stage  of  the  turbine  set 
is  sub  atmospheric  which  makes  holographic  density 
change  measurements  rather  insensitive.  The  speed  of  air 
passing  through  atmospherically  pressured  Reynolds 
number  scaled  linear  and  annular  model  steam  turbine 
cascades  is  similar  enough  for  holography  to  be  applied 
to  without  difficulty . 

The  problems  being  addressed  in  this  area  are  similar  to 
those  of  the  gas  turbine,  with  the  emphasis  more  towards 
understanding  the  high  exit  Mach  flows  and  their  effect 
on  the  base  flow.  This  has  been  shown  in  the  two 
dimensional  approach  developed  at  EPFL  (Ecole 
Polytecnique  Federate  de  Lausanne)  for  visualising  the 
trailing  edge  shock  structure  around  the  trailing  edge  of 
a 30  times  scaled  model  of  a steam  turbine,  figure  9, 
[9].  The  boundary  layers  on  the  object  can  clearly  be 
seen  followed  by  an  isentropic  Prandtl-Meyer  expansion 
where  the  flow  accelerates  from  M=1.3  upto  M=1.9 
figure  10.  The  shear  flow  converging  to  form  the 
confluence  region  can  also  be  seen  in  greater  detail  in 
figure  11  where  the  interferometric  reconstruction  has 
been  enlarged  to  show  the  separation  of  the  boundary 
layer  at  the  end  of  the  trailing  edge.  By  adding  finite 
fringes  to  the  interferogram  it  is  possible  to  obtain  the 
exact  location  of  the  sonic  line  in  the  boundary  layer. 
Figures  12  and  13  show  the  same  trailing  edge  but  with 
the  sidewall  liners  adjusted  for  a subsonic  outlet.  In 
the  first  case,  figure  12,  the  exit  velocity  is  Ma.=0.61 
and  a classical  Karman  vortex  street  has  been 
observed.  In  the  second  case  at  just  sonic  outlet 
conditions  the  trailing  edge  flow  is  unstable  being 
neither  the  previous  subsonic  flow  nor  the  fully 
developed  supersonic  exit  shown  in  figure  10.  Figure  14, 
made  using  two  holographic  pulses  3 microseconds  apart, 
shows  the  unsteady  component  of  the  fully  developed  flow 
of  figure  10.  For  the  first  time  and  as  a consequence  of 
the  scale  of  this  trailing  edge  it  is  possible  to  observe 
the  vortex  structure  present  in  the  shear  layer  directly 
after  the  separation  point.  The  size  and  strength  of  this 
vortex  structure  can  be  seen  to  increase  at  the  end  of 
the  confluence  region  with  the  influence  of  the 
downstream  compression  shock. 

The  other  problems  of  current  interest  being,  the  effect 
of  off  condition  incidence,  flow  separation,  shock 
position,  flutter  and  the  effect  of  inserting  measurement 
probes  into  the  blade  passage.  Figure  13  is  a 
photographic  reconstruction  made  from  a three  dimensional 
flow  visualisation  of  the  shock  structure  within  an 
annular  cascade  also  at  EPFL. 
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3.  Boundary  Layer  Flow 

A recent  data  interpretation  problem  has  been  approached 
using  a combination  of  optical  techniques  [10].  Using  a 
short  duration  pulse  separation  from  a ruby  pulse 
laser,  it  has  been  possible  to  observe  a discrete  and 
regular  structure  in  the  boundary  layer.  This  structure 
which  can  be  observed  over  a range  of  Mach  numbers  from 
just  sonic,  figure  16  to  a Mach  number  of  2.5,  figure  17 
gives  the  appearance  when  visualised  using  a two 
dimensional  interferometric  approach  of  dark 
striations  occurring  with  a spatial  periodicity  of  the 
boundary  layer  height  along  the  boundary  layer.  The 
striations  were  then  measured  again  using  a technique 
defined  as  dynamic  Schlieren,  described  in  greater 
detail  in  [11]  and  [12].  From  these  measurements;  the 
time  of  flight  of  the  striation  between  two  optical 
probes  placed  in  the  Schlieren  system  image  plane,  showed 
them  to  be  moving  with  the  expected  boundary  layer 
velocity  figure  18.  It  was  also  possible  to  find  from 
this  system  the  autocorrelation  function.  This  did  not 
indicate  a regular  periodicity  in  the  flow  but  a strongly 
turbulent  decay  similar  to  that  seen  in  hot-wire  data. 
The  third  optical  measurement  used  a three  dimensional 
scatter  plate  holographic  set-up.  It  can  be  seen  in  the 
resulting  holograms  that  the  seemingly  periodic  structure 
in  the  boundary  layer  is  being  created  by  a discrete 
bursting  process.  This  is  not  unlike  the  method  which  is 
described  by  Head  'the  action  of  vortex  bursting  within 
the  boundary  layer*  [13].  Further  the  disturbances  which 
have  the  appearance  of  a small  'explosion*  have  a width 
and  height  of  the  boundary  layer.  Certainly  in  terms  of 
a holographic  density  change  this  implies  that  a 
significant  part  of  the  density  gradient  within  the 
boundary  layer  being  disturbed  over  a time  period  of 
between  3 to  20  microsecs.  This  would  be  consistent  with 
a turbulent  bursting  process.  The  problem  has  taken 
considerable  time  to  understand,  because  there  was  a 
limit  in  the  speed  by  which  either  temporal  or  spatial 
information  can  be  stored.  In  this  case  the  three 
separate  measurements  which  give  the  temporal  and  spatial 
data  occurring  during  the  bursting  process  would  have 
been  difficult  to  make  with  one  single  data  collection 
system. 

Holographic  interferometry  is  also  being  used  to 
visualise  the  supersonic  flow  around  a corner  [14].  Here 
the  objective  is  to  compare  the  'instantaneous*  density 
profiles  obtained  using  holography  with  temporally 
averaged  pitot  static  measurements  and  theory.  Figure  19 
shows  a supersonic  boundary  on  the  tunnel  floor,  whereas 
figure  20  is  a reconstruction  made  from  a flow  around  a 
two  dimensional  compressional  corner. 
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4 Radial  T urbotnachinery 


1984  no  holographic  flow  visualisation 
had  been  pe formed  on  small  (100mm 
radial  turbochargers.  A typical 

is  shown  in  figure  21  with  an  insert 
showing  the  holographic  view  of  the 
These  machines,  which  are  used  to  boost  the 
power  of  large  truck  engines,  rotate  at  up 
to  80,000  revs.  They  can  reach  transonic  speeds  at  the 
blade  tip,  and  generate  loss  through  shock  waves.  Using 
a holographic  system,  developed  from  that  used  previously 
on  large  axial  fans,  it  has  been  possible  to  produce 
visual  evidence  of  this  shock  structure. 


Until  April 

experiments 

diameter) 

turbocharger 

photograph 

compressor. 

compression 


In  a second  experiment  described  in  [15]  made  in  April 
1985  the  holographic  system  was  rearranged  to  view  the 
exit  passage  from  the  rotor.  Again  a high  aerodynamic 
loss  area  has  been  identified.  Here  a vortex  structure 
was  postulated  to  occur  as  a result  of  backflow  into  the 
rotor  passage.  Laser  anemometry  results  were  obtained 
showing  a slip  factor  of  1.2.  Holography  has  been  used 
for  the  first  time  to  visualise  this  disturbance  as  shown 
in  figure  22. 
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Conclusion 


An  account  has  been  made  of  some  of  the  applications  of 
holographic  interferomtry  to  the  visualisation  of 
transonic  flows. 

In  the  case  of  the  compressor  shock  visualisation,  the 
method  is  used  regulary  and  has  moved  from  being  a 
research  department  invention  to  a design  test  tool. 
The  need  to  speed  up  the  data  extraction  from  the  method 
is  still  a weakness;  although  it  is  still  an  order  of 
magnitude  faster  at  collecting  data  than  the  current 
alternative  LDA. 

With  the  implementation  of  automatic  processing  and 
simple  digitisation  systems,  holographic  vibrational 
analysis  has  also  moved  into  routine  NDT  testing. 

The  code  verification  interferograms  have  been 
instructive,  but  the  main  turbomachinery  interest  is  now 
in  three  dimensional  flows.  A major  data  interpretation 
effort  will  be  required  to  compute  tomographically  the 
three  dimensional  flow  around  the  leading  or  the 
trailing  edges  of  a rotating  blade  row.  Holography, 
however  is  the  only  current  technique  with  adequate 
resolution  to  meet  this  problem. 

The  bolt  on  approach  shows  the  potential  application  to 
current  unsteady  flows  of  interest.  In  particular  that  of 
the  rotor  passing  and  vortex  interaction  effects 
experienced  by  the  new  generation  of  unducted  fans.  It 
can  also  provide  data  on  the  stator  rotor  interaction 
without  requiring  the  construction  of  specialised 
facilities. 

The  turbocharger  tests  present  a new  area  for  the 
application  of  holography.  The  tests  made  have  been  at  a 
preliminary  level.  A more  detailed  study  should  help  in 
reducing  some  of  the  high  viscous  losses  experienced. 
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Figures 


1.  Axial  gas  turbine  first  stage  compressor  fan  as 
used  in  a holography  test.  The  arrow  shown,  points  to  the 
19mm  diameter  negative  lens  through  which  the  sample  beam 
of  the  ruby  pulse  laser  was  expanded.  The  opposite  side 
of  the  casing  has  been  painted  white  to  diffuse  and 
reflect  the  laser  light. 

2.  Diagram  showing  the  method  by  which  the  holographic 
system  was  applied  to  the  first  stage  compressor  fan 
during  a test. 

3.  Diagram  showing  the  movement  of  the  compressor 
blade  fan  assembly  between  two  holographic  pulses. 

4.  Photographic  reconstruction  showing  the  shock 
structure  at  the  tip  of  the  compressor  fan  as  visualised 
using  holography. 

5.  Comparison  between  an  interferometric  measurement 
made  of  the  transonic  flow  around  an  isolated  aerofoil 
and  its  numerical  prediction  using  a time  marching 
solution. 

6.  Comparison  between  the  trailing  edge  flow  in  a 
linear  cascade  measured  interferometrically , and  a loss 
predicting  Navier-Stokes  solver  computed  solution. 

7.  Comparison  of  a transonic  wedge  profile  with 
sidewall  boundary  layer  separation  and  a viscous 
numerical  solution. 

8.  Interferographic  reconstructions  made  from  the 
'Whittle  Lab  bolt  on  interferometer*.  Both  the  leading 
and  trailing  flows  can  be  seen  clearly,  with  the 
confluence  region  enlarged  to  show  the  formation  of  the 
trailing  edge  vortex  structure. 

9.  Diagramatic  layout  of  the  EPFL  image  plane  ruby 
pulse  interferometric  system  as  applied  to  a two 
dimensional  Laval  nozzle. 

10.  Supersonic  trailing  edge  flow  showing  the 
Prandtl-Meyer  expansion  of  the  flow  from  a Mach  number  of 
Ma.=  1.3  to  Ma.=1 .9. 

11.  A photographic  enlargement  of  figure  10,  showing 
in  detail  the  trailing  edge  separation  point  and  the 
formation  of  the  exit  shear  layer. 

12.  Laval  nozzle  now  adjusted  to  operate  in  the 
subsonic  region.  Ma.=0.6 

13.  Laval  nozzle  adjusted  to  operate  in  an  unstable 
region  neither  a typical  Karman  vortex  street  or  as  a 
fully  formed  supersonic  exit. 
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14.  Unsteady  components  of  the  stable  exit  flow  shown 
in  figure  10. 

15.  A photographic  reconstruction  made  from  a hologram 
showing  the  shock  structure  within  the  EPFL  supersonic 
inlet  annular  cascade. 

16.  Two  holographic  pulses  30  microseconds  apart  show 
a Regular'  structure  within  a 10mm  thick  boundary  layer 
at  just  sonic  Mach  numbers. 

17.  Two  holographic  exposures  made  3 microseconds 
apart  in  a supersonic  (Ma.=2.5)  boundary  layer. 

18.  Velocity  measurements  using  Dynamic  Schlieren. 

19.  Density  gradient  within  a supersonic  boundary 
layer,  Ma.=2.5.  The  interferogram  was  formed  by  taking 
one  exposure  before  the  tunnel  ran,  the  other  during  the 
run  on  the  holographic  plate. 

20.  Density  gradient  within  a supersonic  boundary 
layer  at  a compression  corner,  showing  the  penetration  of 
the  shock. 

21 . Photograph  showing  a typical  turbocharger , the 
inset  shows  the  view  taken  in  the  holographic 
visualisation  of  the  leading  edge  shock  structure.  In 
this  case  part  of  the  housing  has  been  spark  eroded  away 
and  a glass  window  fitted.  A metal  mirror  has  also  been 
mounted  onto  the  turbocharger  to  provide  an  optical 
viewpoint  perpendicular  to  the  flow  direction. 

22.  Reconstruction  made  of  the  exit  diffuser  vortex. 
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Fig.  22  Photographic  reconstruction,  made  from  a white  light  copy  hologram, 
showing  the  vortex  structure  in  the  diffuser 
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l.  rancroCTicM 


One  of  the  difficult  problems  in  experimental  fluid  dynamics  remains  the 
determination  of  the  vorticity  field  in  fluid  flows.  The  difficulty  arises 
from  the  fact  that  vorticity  is  a quantity  defined  in  terms  of  local  velocity 
gradients  and  the  available  velocity  measurement  techniques  e.g.  laser  Doppler 
Velocimetry  and  Hot  Wire  Anemcmetry,  are  only  sensitive  to  the  local  flow 
velocity.  Current  methods  for  vorticity  measurements  use  multiple  probes  to 
independently  measure  one  or  more  components  of  the  velocity  vector  at  two 
closely  spaced  spatial  locations,  from  which  a vorticity  value  is  inferred  by 
applying  same  kind  of  finite  difference  scheme  (1,2).  These  methods  suffer 
fran  sane  drawbacks.  Firstly,  when  Hot-Wire  probes  are  used,  the  local  flow 
vorticity  may  be  strongly  influenced  due  to  non-negligible  blockage  effects 
caused  by  the  multiple  probes.  Secondly,  the  location  of  each  individual 
measuring  probe  volume  (LDV  and  BW  alike)  may  not  be  spatially  close  enough  to 
resolve  and  accurately  measure  the  local  velocity  gradients . As  a consequence 
the  measured  vorticity  is  only  a "spatially  filtered"  estimate  of  the  actual 
vorticity  field.  Another  important  aspect  that  needs  to  be  considered  is  that 
these  techniques  can  only  provide  "one  point"  information.  In  order  to  obtain 
whole  field  data,  measurements  must  be  carried  out  sequentially  one  point  at  a 
time.  Although  this  sequential  method  can  be  easily  implemented  in 
applications  involving  steady  flows,  it  is  of  rather  difficult  application  in 
unsteady  flow  phenomena. 

Recently,  a novel  velocity  measurement  technique,  cairoonly  known  as  Laser 
Speckle  or  Particle  Image  Displacement  Velocimetry  became  available  (3-7). 

This  technique  permits  the  simultaneous  visualization  of  the  two-dimensional 
streamline  pattern  in  unsteady  flows  and  the  quantification  of  the  velocity 
field . 

The  matin  advantage  of  this  new  technique  is  that  the  whole 
two-dimensional  velocity  field  can  be  recorded  with  great  accuracy  and  spatial 
resolution,  from  which  the  instantaneous  vorticity  field  can  be  easily 
obtained.  This  constitutes  a great  asset  for  the  study  of  a variety  of  flows 
that  evolve  stochastically  in  both  space  and  time,  and  in  the  case  of 
interest,  to  the  study  of  unsteady  vortical  flews  which  occur  in  rotorcraft 
and  in  high  angle  of  attack  aerodynamics. 
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2.  PRINCIPLE  GF  TEE  TBCHNIQUB 


The  application  of  laser  Speckle  or  Particle  Image  Displacement 
Velocimetry  to  fluid  flows  followed  the  use  of  Laser  Speckle  methods  in  solid 
mechanics,  in  which  object  displacement  and  rotation  were  accurately  measured 
(8). 

When  applied  to  the  measurement  of  fluid  flows  the  technique  involves  two 
equally  important  steps.  In  the  first  step  a selected  plane  of  the  flew  field 
is  recorded.  Similarly  to  Laser  Doppler  Velocimetry  the  flow  is  seeded  with 
small  tracer  particles.  A sheet  of  coherent  light  is  used  to  provide  a 
"surface"  within  the  fluid.  A pulsed  laser  such  as  a Ruby  or  a NdYag  laser, 
or  a CW  laser  with  a shutter  device  is  normally  used  as  the  light  source.  The 
laser  sheet  is  formed,  for  example,  by  focusing  the  laser  beam  first  with  a 
long  focal  length  spherical  lens,  to  obtain  minimum  thickness,  and  then 
diverging  the  beam  in  one  dimension  with  a cylindrical  lens  (Fig.  1).  The 
light  scattered  by  the  seeding  particles  in  the  illuminated  plane  provides  a 
moving  pattern.  When  the  seeding  concentration  is  law,  the  pattern  consists 
of  resolved  diffraction  limited  images  of  the  particles . When  their 
concentration  increases,  the  images  overlap  and  interfere  to  produce  a random 
speckle  pattern.  A multiple  exposure  photograph  records  this  moving  pattern. 

In  a second  step  the  local  fluid  velocity  is  derived  from  the  ratio  of 
the  measured  spacing  between  the  images  of  the  same  tracer,  or  speckle  grain, 
and  the  time  between  exposures.  The  recorded  image  formed  by  isolated  Airy 
disks,  in  the  cases  of  low  seeding  concentration , or  speckle  grains  for  high 
seeding  concentration,  is  a complicated  random  pattern.  In  this  image  the 
local  displacements  can  hardly  be  measured  by  visual  or  computer-aided 
inspection.  Methods  for  the  direct  analysis  of  these  images  have  been  used 
but  with  limited  success  (9).  The  displacement  measurements  have  an 
associated  error  which  becomes  important  when  the  spacing  between  successive 
tracer  images  becomes  small.  This  method  also  fails  when  the  mean  distance 
between  tracers  is  of  the  same  order  of  magnitude  as  the  distance  a tracer 
particle  travels  during  the  time  between  exposures.  As  a consequence  the 
tracer  concentration  is  usually  kept  small,  resulting  in  velocity  measurements 
with  poor  spatial  density. 

Alternative  methods  used  in  similar  data  analysis  in  solid  mechanics  are 
applicable  and  provide  good  results.  Two  methods  are  currently  being 
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developed  and  investigated.  These  are  the  local  coherent  illumination  to 
produce  Young's  fringes  and  local  two-dimensional  correlation  of  the  image. 

In  the  first  method,  the  diffraction  produced  by  local  coherent  illumination 
of  the  multiple  images  in  the  photograph  generates  straight  fringes  in  the 
Fourier  plane  of  a lens.  These  fringes  have  an  orientation  which  is 
perpendicular  to  the  direction  of  the  local  displacement  vector  and  a spacing 
which  is  inversely  proportional  to  its  magnitude  (Fig.  2) . The  displacement 
vector  is  determined  by  the  analysis  of  these  fringe  patterns . Amongst  the 
various  analysis  methods  being  developed,  Fourier  and  Autocorrelation 
techniques  seem  to  be  the  most  effective  and  accurate.  In  the  two-dimensional 
correlation  method  a small  area  of  the  image  being  interrogated  is  digitized, 
in  a NXN  point  format  (where  N is  the  number  of  pixel  rows  or  columns) , and  a 
two-dimensional  correlation  is  performed.  This  results  in  a digital 
autocorrelation  function  with  a maxima  at  the  coordinates  corresponding  to  the 
average  displacement  of  the  tracers  (Fig.  3).  Basically  this  method  is 
equivalent  to  the  general  Young's  fringe  method  because  the  two-dimensional 
fourier  transform  of  the  fringe  pattern  is  equal  to  the  autocorrelation 
function.  The  major  drawback  of  this  method  is  that  the  computation  of  the 
autocorrelation  function  requires  large  data  arrays  and  becomes  extremely  slow 
when  N (number  of  pixel  rcws  or  columns)  is  large.  A new  processing  method, 
proposed  by  Yao  and  Adrian  (10),  reduces  the  general  NXN  element  of  a 
two-dimensional  problem  to  two  N element  one-dimensional  problems,  by 
canpressing  the  information  in  two  orthogonal  directions  using  integration 
techniques.  Although  attractive,  this  procedure  leads  to  same  loss  of 
information.  Therefore,  what  has  to  be  balanced  is  this  loss  versus  the  gain 
in  computational  speed.  Future  plans  in  this  research  include  a critical 
evaluation  of  each  of  the  above  mentioned  methods.  However,  we  believe  that 
the  image  analysis  using  the  Young's  fringe  method  is  the  most  premising 
approach. 

2.1  Image  Analysis  Using  the  Young's  Fringe  Method 

Consider  the  function  D(x,y)  describing  the  light  intensity  produced  by 
the  scatterers  in  the  image  plane  of  the  photographic  camera,  where  x,y  are 
the  plane  coordinates.  Considering  that  there  is  a in-plane  displacement,  dy, 
of  the  scatterers,  the  speckle  or  particle  images  will  be  translated  by  Mdy, 
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where  M is  the  magnification  of  the  camera  lens.  The  resulting  intensity 
distribution  in  the  image  plane  becones 

D(x,y)  + D(x,y*Mdy)  = D(x,y)  A [fi(x,y)  + 6(x,y4Mdy)]  (1) 

vhere  6(x,y)  is  the  Dirac  delta  function  centered  on  x,y,  and  considering  that 
a translation  can  be  represented  as  a convolution  with  a delta  function.  The 
total  intensity  is  recorded  on  a photographic  plate.  After  development,  the 
transmittance,  r , of  the  negative  is  given  by 

T = atb  D(x,y)  A [ 6 (x,y  + Miy)]  (2) 

where  a and  b are  characteristic  constants  of  the  photographic  emulsion. 

Twodimensional  Fourier  transformation  of  the  image  is  efficiently 
performed  by  optical  processing  of  the  photographic  negative.  This  is 
achieved  by  locally  analyzing  the  film  negative  with  a probe  laser  beam.  This 
process  produces,  as  explained  in  the  following,  a straight  fringe  pattern 
whose  orientation  and  magnitude  cire  related  to  the  direction  and  magnitude  of 
the  displacement.  The  resulting  Fourier  transform  of  the  transmittance 
distribution,  r , is 

7(u,v)  = a 6 (u,v)  + b D(u,v)  [1  + exp( i2  ir  vttty/X  )]  (3) 

d 


where  r represents  the  Fourier  transform  of  r , u and  v are  angular 
coordinates  of  a point  in  the  Fourier  plane  of  the  lens,  X is  the 

d 

wavelength  of  the  interrogating  laser  light  beam. 

The  first  term,  a 6(u,v)  on  the  r.h.s.  of  equation  3 represents  the  image 
of  a point  source,  i.e.  the  interrogative  beam,  when  diffraction  effects  are 
neglected.  This  image  is  seen  as  a small  bright  spot  in  the  center  of  the 
Fourier  plane  (Fig.  2).  The  seoond  term  is  composed  of  a diffraction  pattern, 
characteristic  of  the  speckle  or  particle  images,  modulated  by 
Cl+exp(i2wM3y/  X a ] 

The  intensity  distribution  for  the  second  term  is  obtained  by  multiplication 
with  its  complex  conjugate,  resulting  in 

|D(u,.v)|2  [ 4 oos2(  tt vMJy/ X ) ] (4) 

a. 
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The  diffuse  background,  lD(u,v)  I is  modulated  by  a set  of  Young's  fringes 
vhose  spacing  is  given  by 

X f. 

<jf“  m (5) 

where  f^  is  the  focal  length  of  the  converging  lens.  Knowing  M,  f^,  Xa  and 
measuring  dj,,  the  displacement  dy  is  easily  fourd  from  equation  5,  with  the 
direction  of  the  motion  perpendicular  to  the  orientation  of  the  fringes. 

By  scanning  the  multiple  exposed  photograph,  one  can  resolve  the  two 
components  of  the  displacement  and  derive  the  velocity  vector  at  every  point 
in  the  field.  This  is  a unique  capability  of  this  technique. 

2.1  Nature  of  the  Present  Research 


The  motivation  for  the  present  work  is  to  determine  and  develop  the 
necessary  background  far  the  use  of  Laser  Speckle  or  Particle  Image 
Displacement  Velocimetry  to  study  vortical  unsteady  flows . 

In  this  phase  of  the  work  we  report  on  the  optimization  of  the 
photographic  parameters  involved  in  obtaining  the  multiple  exposure 
photograph. 


3.  A rarmgr.nt  FOR  THE  C3DDCE  <F  TS  fflOTOGEAffllC  PARAMETERS  INVOLVED  IN 
A mSDBBBXF  USING  IASER  SHBCKLE  (LSV)  OR  EMXICXE  IMAGE  DISEMCMOT 
VELOCSMBDOT  (phv) 

The  parameters  playing  a role  in  velocity  measurements  using  Laser 
Speckle  or  Particle  Image  Displacement  Velocimetry  are: 

(i)  Tracer:  type,  concentration  and  dimensions. 

(ii)  Exposure  parameters:  time  between  exposures,  exposure  time  and  nuxtoer 

of  exposures. 

(iii)  Film  parameters:  sensitivity,  grain  and  resolution. 

These  parameters  are  interrelated  and  their  choice  depends  upon  several 
factors  as  follows:  the  flow  field  of  interest,  namely  the  velocity  range 
and  area  of  the  flow  to  be  recorded;  the  required  spatial  resolution  and 
accuracy;  available  hardware  such  as  type  of  laser,  CW  or  pulsed,  laser  power 
and  laser  light  wavelength,  and  on  the  camera  used  far  the  photography. 

3.1  Tracer 

Tracers  to  be  vised  in  a measurement  involving  LSV  or  PICV  have  to  be  as 
small  as  possible  to  accurately  follow  the  fluid  motions,  and  good  light 
scatterers.  These  requirements  are  usually  met  by  tracers  used  in  LEV 
applications.  In  liquid  flows  we  recarmend  the  use  of  pliolite  particles, 
which  are  practically  neutrally  buoyant  in  water,  latex  and  titanium  dioxide. 
In  air  flows,  oil  smoke  or  fog  produces  a relatively  uniform  seeding. 

As  previously  mentioned,  the  light  scattered  by  the  seeding  particles  can 
create,  depending  on  the  seeding  concentration,  tvo  entirely  different 
patterns.  This  originates  two  modes  of  operation  of  the  technique.  EOr  lew 
seeding  concentrations,  the  pattern  consists  of  resolved  diffraction  limited 
images  of  the  particles.  When  this  concentration  increases,  the  images 
overlap  and  interfere  in  the  image  plane  to  produce  a random  speckle  pattern. 
In  either  case,  the  pattern  is  recorded  in  a multiple  exposed  photograph  frem 
which  the  velocity  data  is  obtained.  However,  in  the  Particle  image  mode  of 
operation,  due  to  light  seeding,  regions  of  the  flow  field  may  be  left 
unseeded,  or  with  poor  seeding,  resulting  in  signal  drop-out.  On  the  other 
hand,  in  the  Laser  Speckle  mode  of  operation,  the  drop-out  problem  is 
minimized  but  other  more  restrictive  applications  may  occur,  as  described 


303 


below.  These  prcblans  preclude  the  use  of  the  Laser  Speckle  mode  of  operation 
in  the  majority  of  flow  fields  of  interest. 

The  Laser  Speckle  mode  of  operation  relies  on  the  recording  of  identical 
laterally  shifted  speckle  patterns.  Slight  out-of-plane  motion  of  the 
scatterers , due  to  flow  three-dimensionality,  between  the  exposures  results  in 
speckle  patterns  that  are  not  entirely  similar.  As  a consequence,  their 
correlation  decreases  and  local  coherent  illunination  does  not  produce  Young' s 
fringes,  or  produces  fringes  with  poor  contrast  and  signal  to  noise  ratio 
(SNR) . This  poses  a severe  limitation  in  the  use  of  the  Laser  Speckle 
Displacements  for  the  measurement  of  velocity  in  turbulent  flows,  or  flows 
with  an  important  velocity  component  in  the  direction  perpendicular  to  the 
measuring  plane.  The  fringe  quality  becomes  less  dependent  on  the  out-of- 
plane motion  when  individual  particle  images  are  imaged  and  recorded,  i.e.  in 
the  Particle  linage  mode  of  operation.  In  this  case  the  tolerance  to 
out-of-plane  notion  is  roughly  equivalent  to  the  width  .of  the  illunination 
sheet  and  focusing  depth  of  field  of  the  recording  optics.  In  addition,  the 
high  concentrations  required  by  the  Speckle  mode  of  operation  cause  multiple 
scattering  effects  which  result  in  the  spreading  of  the  thin  laser 
illuminating  sheet.  Furthermore,  the  high  concentration  of  tracers  may 
strongly  influence  the  flow  field. 

In  conclusion,  for  a successful  measurement  using  this  technique,  there 
are  practical  bounds  to  seeding  concentration  (Fig.  4) . The  upper  boundary 
for  the  seeding  concentration  being  set  by  a value  above  which  a speckle 
pattern  is  formed  due  to  the  interference  of  light  scattered  by  the  individual 
particles.  If  C is  the  particle  concentration  and  AZ  the  width  of  the  laser 
sheet,  we  obtain  for  the  maximum  concentration 

» dp  (6) 

where  dp  is  the  particle  diameter.  Considering  typical  values  for  dp  = 0.01nm 
and  Az  = 0.5nm  we  obtain  Cp<<5.10^ 

Hie  lcwar  end  for  the  seeding  concentration  can  be  determined  by 
considering  that,  in  order  to  have  a valid  measurement,  a minimum  nuhber  of 
particle  image  pairs  must  be  present  in  the  area  scanned  by  interrogation 
beam.  The  case  of  having  a single  particle  image  pair  in  the  interrogation 
area  is  an  ideal  one,  because  it  yields  fringes  with  optimum  SNR  (Fig.  2). 
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However,  this  situation  can  only  be  achieved  by  lightly  seeding  the  flow,  thus 
giving  rise  to  the  so-called  drop-out  problem.  An  interesting  case  occurs 
when  only  two  particle  pairs  are  present  in  the  interrogation  area.  The 
corresponding  diffraction  pattern  includes  multiple  equally  intense  fringe 
patterns  due  to  cross  interference  of  non- corresponding  image  pairs.  In  this 
case,  the  local  displacement  cannot  be  resolved  (Fig.  5).  Finally,  as  the 
number  of  particle  image  pairs  in  the  interrogation  area  increases,  the  cross 
interference  fringes  become  weaker  in  comparison  with  the  "main  fringe 
pattern"  vhich  reflects  the  local  displacement  (Fig.  6).  The 
cross-interference  fringes  are  sometimes  designated  as  a "background  speckle 
noise."  Cur  experience  shows  that,  for  reasonable  fringe  quality,  at  least 
four  particle  image  pairs  need  to  be  present  in  the  interrogation  area.  This 
number  can  be  somewhat  relaxed  if  more  than  two  exposures  were  used  for  the 
photography.  Considering  that  these  particles  exist  in  the  volume  defined  dy 
the  width,  AZ,  of  the  laser  sheet,  scanned  by  the  beam  whose  diameter  is  D, 
we  obtain  for  the  average  concentration : 


q? 


16 

AZ  ir  D2 


3.2  Exposure  Parameters 


(7) 


The  exposure  parameters  are  chosen  in  accordance  with  the  maximum 
expected  velocity  in  the  field  and  the  required  spatial  resolution.  The 
spatial  resolution,  vAiich  is  equal  to  the  cross  sectional  area  of  the 
interrogating  laser  beam,  is  dictated  by  the  scales  involved  in  the  fluid 
motion  and  should  be  less  than  the  smallest  scale. 

The  time  between  exposures,  T,  is  determined  by  the  maximum  permissible 
displacement  of  a particle  such  that  a correlation  is  obtained  Wien  locally 
analyzing  the  film  negative  with  the  probe  laser  beam.  A necessary  condition 
to  obtain  Young's  fringes  requires  that  the  distance  between  adjacent  particle 
images  be  less  than  a fraction  of  the  analyzing  beam  diameter.  In  practice 
the  maximum  permissible  displacement  that  can  be  detected  corresponds  to  the 
case  When  the  fringe  spacing,  dp,  is  larger  than  the  diffraction  limited  spot 
size,  d , of  the  interrogating  optics.  In  analytical  terms: 

’ kit  > a - lx<4_  <8> 

f1  MvmaxT  . 3 * D 

Where  M is  the  magnification  factor,  D and  X are  respectively  the 

cl 
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interrogation  beam  diameter  and  laser  light  wavelength . We  obtain  for  the 
time  between  exposures 


T * 


0.5  D 


Mv 


max 


(9) 


Vjnax  the  n0X*imin  expected  velocity  in  the  field,  and  F the  frequency 
corresponding  to  the  inverse  of  the  period  T.  For  practical  purposes  we  use 
the  constant  0.5  instead  of  0.8  as  it  would  be  given  by  equation  9. 

The  exposure  time,  t,  is  a free  parameter  when  a CW  laser  source  is  used 
together  with  a shutter.  In  previous  applications  (3-7)  the  exposure  time  has 
been  kept  as  snail  as  possible  for  minimum  particle  image  size.  In  a later 
study,  Iourenoo  (11)  demonstrated  that  the  duration  of  the  exposure  time  can 
be  of  the  same  order  of  magnitude  as  the  time  between  exposures. 

For  very  short  exposures  the  recorded  particle  images  are  identical  to 
the  diffraction  limited  particle  images  as  the  particles  appear  to  be 
stationary  during  the  exposure.  For  longer  exposures  the  recorded  images 
become  streaks  whose  length  is  directly  proportional  to  the  exposure  time. 
Coherent  illumination  of  these  images  generates  Young's  fringes  superposed  on 
a diffraction  pattern  which  depends  on  the  streak  length.  In  the  limiting 
case  of  a very  short  exposure,  the  diffraction  pattern  is  symmetric  and  has  a 
circular  shape  (Fig.  2) . When  the  exposure  time  is  increased,  small  streaks 
are  generated,  and  the  diffracted  light  in  the  spectrum  is  concentrated  in  a 
band  whose  width  is  inversely  proportional  to  the  streak  length  (Fig.  7) . 

Because  of  the  finite  width  of  the  diffraction  pattern,  the  number  of 

fringes,  n^,  in  the  pattern  becomes  a function  of  the  ratio  between  the  streak 

separation  to  the  streak  length,  1 . In  analytical  terms; 

s 

np  * f*  + 1 (10) 

For  an  accurate  measurement  of  the  fringe  spacing,  it  is  necessary  to  have  a 
reasonable  nunber  of  bright  fringes.  Usually  five  bright  fringes  give  good 
results. 

Another  parameter  determining  the  degree  of  accuracy  with  which  the 
fringe  spacing  can  be  determined  is  the  contrast  and  sharpness  of  the  Young's 
fringes.  If  the  number  of  exposures,  N,  is  larger  than  two  and  the  particles 
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the  sharpness  of  the 


are  displaced  by  the  same  amount  after  each  exposure, 
interference  fringes  can  be  greatly  improved. 

For  a multiple  exposure,  the  function  describing  the  light  intensity  of 
the  point  sources  becomes 


N-l 

D(x,y)  A Y + nMiy)  (11) 

n=0 

resulting  in  an  amplitude  distribution  of  the  transmittance  of  the  negative  in 
the  Fourier  plane  of  a lens,  as  follows: 

~ ~ ‘ N-l  v 

|D(u,v)|z  4 N+2  Y noosC(N-n)2  wMdy/Al>  (12) 

1 n»l  a ' 

For  a number  of  exposures,  N,  equal  to  two  a relation  similar  to  equation  4 is 
obtained  as  expected. 

Figure  8 displays  the  fringe  width  for  multiple  exposures,  normalized 
with  the  corresponding  width  for  a double  exposure,  versus  the  number  of 
exposures . It  is  clearly  seen  that  an  optimun  fringe  width  can  be  obtained 
with  a limited  nuifcer  of  exposures. 

The  sharpening  of  the  fringes  using  a multiple  exposure  recording 
technique  is  of  great  advantage  because  it  allows  a very  easy  visual  and 
qualitative  "measurement"  of  the  direction  and  spacing  of  the  young’s  fringes. 
It  also  increases  their  signed  to  noise  ratio.  Note  that  this  ixnprovanent  in 
the  signed  to  noise  ratio  is  a result  of  the  artificial  increase  in  particle 
concentration  due  to  the  multiple  exposure. 

3.3  Choice  of  the  Film  and  laser  Power  Requirements 

The  technique  relies  on  the  ability  to  detect  and  record  on  photographic 
media  the  seeding  particles  images.  The  particle  is  a function  of  the 
scattering  power  of  the  particles  within  the  fluid,  the  amount  of  light  in  the 
illuninating  sheet,  camera  lens  and  film  sensitivity  at  the  wavelength  of  the 
illuminating  laser  light.  Although  the  particle  detection  increases 
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proportionally  with  increasing  power  of  the  illuninating  laser,  it  is  of  great 
importance  to  keep  the  laser  power  requirement  to  its  minimum.  An  important 
reason  for  this  limitation  is  economy  as  the  main  component  in  the  cost  of  the 
apparatus  is  the  laser  source  and  its  price  increases  very  rapidly  with  the 
power  delivered. 

In  this  section,  we  suggest  films  to  be  used  and  the  laser  power  required 
to  expose  these  films. 

To  compensate  for  the  limited  illuminating  laser  power,  the  films  used 
to  record  the  particle  images,  are  required  to  have  good  sensitivity,  but 
without  sacrificing  film  resolution.  When  good  precision  is  necessary,  films 
with  a resolution  of  about  300  line-pair s/nm  and  sensitivity  from  25  to  125 
ASA  (Afga  Ortho  25,  Kodak  Technical  Pan  2415)  are  suitable  for  the  use  either 
with  pulsed  Ruby  lasers  ( A~700nm)  or  pulsed,  frequency  doubled,  NdYag  lasers 
and  CW  Argon-Ion  lasers  ( A~500rm) . When  a NdYag  or  a CW  Argon-Ion  laser  are 
used  more  sensitive  films  may  be  used.  A particular  film,  Kodak  Royal-X  Pan, 
1250  ASA,  has  excellent  sensitivity  in  400-600m  range,  and  retains  fairly 
good  resolution  (100  line-pairs/itm) . 

Another  parameter  to  be  accounted  for  is  the  film  grain.  When 
illuninating  the  film  negative  to  produce  Young's  fringes,  the  film's 
unexposed  grains  can  introduce  amplitude  and/or  phase  changes  into  the 
wavefront  of  the  analyzing  laser  beam  and  thus  create  additional  noise.  This 
noise  has  generally  a frequency  content  which  is  in  the  same  range  as  the 
Young's  fringes.  Therefore  its  elimination  is  difficult  either  from  optical 
or  digital  filtering.  Film  grain  cannot  be  totally  eliminated  and  it  will 
always  be  present  in  different  degrees,  especially  in  applications  where  fast 
film  is  used,  to  cope  with  low  power  density  of  the  illuninating  sheet.  A 
method  of  solution  as  been  proposed  (6)  by  which  this  source  of  noise  is 
considerably  reduced.  It  consists  of  producing  a positive  copy  by  contact 
printing  on  a very  high  resolution  fine  grain  film,  for  example  holographic 
plates.  The  positive  copy  is  analyzed  in  the  same  manner  using  the  laser 
probe  beam.  Figures  9a)  and  9b)  display  respectively  the  interference  fringe 
patterns  generated  for  the  film  negative  and  corresponding  positive.  A 
remarkable  decrease  in  noise  level  is  achieved.  Another  advantage  of  using 
this  procedure  is  that  the  intensity  of  central  zero  order  spot,  due  to  the 
laser  probe  beam,  is  also  decreased  or  eliminated. 

Cnee  the  film  is  selected,  the  amount  of  laser  power  required  for  the 
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exposure  can  be  computed.  For  a successful  exposure  of  the  photographic 
emulsion  the  energy  scattered  by  a tracer  particle  and  viewed  through  the 
camera  lens  has  to  be  larger  than  the  film  sensitivity  at  the  wavelength  of 
the  illuninating  laser,  it  is  customary  to  write  this  condition  in  the 
following  analytical  form: 


E 


•'At 


Tdt>CE_ 


(14) 


where  E is  the  mean  exposure  level  for  a single  particle  (j/m?)f  <p  j_s 

average  intensity  of  the  light  scattered  by  a particle  (W/m  ) , Eg  is  the  film 
fog  level  and  At  is  the  exposure  time.  C is  a constant  between  1 and  10.  The 
fog  level  is  defined  as  the  exposure  level  below  which  the  transmissivity  of 
the  film  is  independent  of  the  incident  intensity  (Fig.  10).  The  average 
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where  IQ  is  the  intensity  of  the  illuninating  sheet  (W/m  ),  k is  the 
illuninating  laser  light  wavenumber,  a - a . a * is  the  Mie  parameter,  the 
viewangle  of  the  camera  lens  and  d^  is  the  dimension  of  the  diffraction 
limited  particle  image  composed  of  two  terms  (10),  neglecting  aberrations  and 
grain  noise,  as  follows 


di  =VdP  + de  (16) 

The  first  one  being  the  particle  diameter  and  the  second  one  the  edge  spread 
caused  by  the  limited  response  of  the  recording  optics 


de  = 2.44  X (1+M)F#  (17) 

with  F#  the  camera  objective  F nunber. 

When  a pulsed  laser  is  used  the  laser  power  required  is  simply  determined 
from  equation  14,  considering  that  the  particle  is  stationary  during  the 
exposure 
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(18) 
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CE0(  tK2d|) 


Considering  that  for  a pulsed  laser  the  pulse  duration  (=  exposure  time)  is  a 
fixed  par  ante  ter,  it  is  custanary  to  express  equation  18  in  terms  of  energy  per 
pulse,  e Q 


e > 


o 


OEQ(  "K^) 


(19) 


Hie  recatmended  value  for  the  constant  C is  between  3 and  5 to  compensate  for 
film  reciprocity  effects  caused  by  the  very  short  exposure. 

In  applications  involving  the  use  of  CW  laser  the  exposure  time  is 
variable  and  considerably  longer.  In  this  case  integration  of  equation  14  is 
sanewhat  more  elaborate.  For  the  sake  of  simplicity  let  us  assume  that  the 
fluid  motion,  and  hence  the  seeding  particles  displacement  is  unidimensional . 
l£t  r r and  u be  respectively  the  initial  position,  current  position  and 
velocity  of  a tracer  particle,  in  the  film  plane.  The  current  particle 
position  can  be  expressed  as 


r = r + u t 
o 


(20) 


The  exposure  can  be  determined  integrating  equation  14  and  considering  tv*o 
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d. 

Die  roaximun  exposure  is  obtained  for  exposure  times  larger  or  equal  to 

Thus,  for  the  vhole  field,  the  pptiimm  exposure,  is  equal  to  d^/V  vhich 
results  in  the  maximum  exposure,  without  a significant  reduction  on  the 
dynamic  range  of  the  technique,  as  shown  in  the  following  section. 

The  CW  laser  pcwer  required  is  given  by. 


CEq(, 
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(22) 


Equation  19  shows  that  CW  laser  power  required  for  a measurement  increases 
with  the  flow  velocity.  This  limitation  does  not  apply  to  the  case  of  a 
pulsed  laser  vhere  the  pulse  duration  is  independent  of  the  flow  velocity. 
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4.  VELOCITY  DYNAMIC  BANS 


In  the  following  we  will  analyze  the  technique's  abilities  of  resolving 
large  velocity  gradients  in  flow  fields,  i.e.  its  dynamic  range.  The  dynamic 
range  is  definpd  as  the  largest  velocity  difference  that  can  be  detected  in 
the  flow  field. 

The  low  end  of  the  dynamic  range  is  determined  by  considering  that  for  a 
measurement  the  spacing  between  the  successive  particle  diffraction  limited 
images  or  streaks  is  well  resolved,  i.e.  do  not  collapse  on  each  other.  In 
analytical  form 


1 = d.  + V.t  < V.T 
s 1 


(23) 


Considering  that  the  time  between  exposures,  T,  is  a function  of  the  maximum 


velocity  V^y,  substituting  t - o for  a pulsed  laser  and,  t = 


dj 
V 


for  a CW 


max 


laser,  yields  the  following  expressions  for  the  minimum  velocity, 
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The  velocity  difference  AV  = — - — 
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(27) 


The  dynamic  range  increases  with  shorter  pulse  durations  and  is  maximun  in 
applications  involving  the  use  of  a pulsed  laser.  Considering  typical  values 
for  d^  = . 03rrm,  D = 0.5rrm  and  M = 1,  we  obtain  for  the  dynamic  range, 

AV  2.  7.5  pulsed  laser  (28) 

AV  ~ 6.5  CW  laser  (29) 
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5.  PCOOBNX  CF  THE  TBOKIQUE 


Hie  overall  accuracy  of  the  technique  depends  on  the  accuracies  which  can 
be  achieved  in  the  photographic  procedure  and  processing  techniques.  In  this 
report  we  only  discuss  the  accuracy  of  the  photographic  recording.  The 
sources  of  error  are  the  lens  aberrations  and  the  limited  film  resolution, 
causing  the  position  of  the  particles  to  be  recorded  with  an  inherent  error, 
and  the  spurious  contributions  on  the  in-plane  displacement  recording  by  the 
out-of-plane  motion. 

In  section  3.1  it  was  pointed  out  that  out-of-plane  motion  was  a severe 
limitation  on  the  use  of  speckle  in  Fluid  Dynamics  applications.  The  reason 
for  this  limitation  was  that  slight  out-of-plane  motion  by  the  scatterers, 
between  the  multiple  exposure,  results  in  non- identical  shifted  patterns 
poorly  correlated.  To  cope  with  this  problem  one  operates  in  the  Particle 
Imaging  mode,  where  the  particles  are  directly  imaged  and  recorded.  However, 
as  shown  in  the  following,  out-of-plane  motion  may  also  contribute  to 
considerable  errors  in  the  velocity  measurement. 

Let  us  consider  the  imaging  system  of  figure  11  and  the  particle  in 
position  PQ  within  the  laser  sheet.  Between  exposures  the  particle  moves  to  a 
position  Mq,  due  to  three-dimensional  fluid  motion.  The  components  of  the 
displacement  vector  are  dx,  dy,  dz,  with  dx  and  dy,  the  in-plane  and  dz  the 
out-of-plane  components  of  the  displacement.  In  the  image  plane  the 
photographic  plate  records  the  position  of  the  particle  at  P^  and  M^.  The 
coordinates  of  these  points  are  given  by: 


-M(x+dx)  (1+  dz/t^) 
-M(y+dy)  (1+  dz/dj) 


dO+dL 


where  second  order  terms  have  been  neglected  for  simplicity. 

The  displacement  p^M^,  measured  by  means  of  Young's  fringes  is  given  by 


- <**  <l  + > 


dym  = Mdy  (1  + ) 


and  the  measured  displacement  components  referred  to  the  object  plane  are 
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Hie  contribution  of  the  out— of— plane  displacement  to  the  measured 
displacement  is  given  by  two  parasite  terms  (xdz/djJ  and  (ydz/d^) . The  error 
produced  by  the  out-of-plane  motion  vAiile  negligible  in  the  neighborhood  of 
the  optical  axis,  increases  linearly,  and  may  become  important,  with  the 
distance  from  the  optical  axis.  The  influence  of  the  out-of-plane  motion 
becomes  particularly  important  when  imaging  the  flow  with  short  focal  and  wide 
angle  objectives . 

A relation  can  easily  be  found  for  the  theoretical  error  in  a measurement 
due  to  out-of-plane  motion: 


Ex*fitan 


(33) 


Ey  = 5y  ^ *y 

where  to  and  to  are  respectively  semi- fie  Id  angle  components  along  the  x 
x y 

and  y axis  respectively.  Hence  the  error  depends  only  on  the  ratio  of  the 
out-of-plane  to  in-plane  component  of  displacement  and  the  tangent  of  the 
semi- field  angle.  Figure  12  shows  the  theoretical  relative  error  for  various 
ratios  of  dz/dx  and  tan  ij>  x. 
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6.  VALIDATION  CP  THE  TffiHNIQUE 


6.1  Experimental  Configuration 

In  order  to  evaluate  the  present  capabilities  of  the  technique  a bench- top 
experiment  was  performed.  In  view  of  the  application  of  the  technique  to 
vortical  flows,  two  flows  that  include  important  vortical  motions  were 
generated  and  recorded.  Both  flews  were  created  by  towing  models  in  the 
reduced  scale  Fluid  Mechanics  Research  laboratory  towing  tank  facility  (Fig. 
13).  The  first  one  consisted  of  the  Karman  vortex  street  generated  by  a 
cylinder  with  10  mn  in  diameter,  and  the  second  one  by  the  flew  over  a 60nm 
chord  airfoil  (NACA  0012) , at  a 30  degree  incidence.  Both  models  were  towed 
with  a velocity  of  23.5  ram/ sec.  The  fluid  used  in  these  experiments  was  vater 
seeded  with  small,  .004  mn  in  diameter , particles  (TSI  model  10087).  The 
corresponding  Reynolds  nunbers  were  230  for  the  cylinder  and  1400  for  the 
airfoil.  These  flows  are  excellent  test  cases  because  they  include  large 
scale  vortical  motions  and  extreme  velocity  gradients.  These  extreme 
ngradients  serve  as  a test  to  the  technique's  capabilities  of  providing 
information  over  a large  velocity  range. 

A view  of  the  laser  sheet  arrangement  is  also  shown  in  figure  13.  The 
laser  beam  from  a 5 Watt  Argon-Ion  laser  (Spectra-Physics  series  2000)  is 
steered  and  focused  to  a diameter  of  .3ntn  using  an  inverse  telescope  lens 
arrangement.  A cylindrical  Ians,  with  a focal  length  of  -6.35  rim,  is  used  to 
diverge  the  focused  beam  in  one  dimension,  creating  a light  sheet.  The  laser 
sheet  is  70  mn  wide  and  illuninates  the  mid-span  section  of  the  models. 

For  the  multiple  exposure,  the  CW  laser  beam  is  modulated  using  a Bragg 
cell.  This  shutter  has  been  assembled  using  standard  equipment.  A schematic 
is  shown  on  figure  14.  The  advantages  in  using  this  shutter  arrangement  are 
the  possibility  of  an  independent  choice  of  the  number  of  exposures,  the  time 
between  exposures  and  the  exposure  time. 

Due  to  conditioning  optics  and  Bragg  cell  losses,  the  available  laser 
power  was  reduced  to  70%  of  the  total  power.  In  this  experiment  the  laser 
delivered  8 watts  in  the  multiline  mode.  The  power  density,  I of  the  laser 
sheet  was 


zo  - d^Zz  “ • 27  (W/mm2 ) 


(34) 
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with  dj^  AZ  the  laser  sheet  cross  section,  where  = .3  ran  is  the  width  of  the 
focused  laser  beam,  and  AZ  » 70  ran  the  laser  sheet  span. 

The  recording  optics  consisted  of  a 4x5"  format  camera  with 
interchangeable  objective  lens.  In  this  experiment  we  used  a 135  nm  lens. 

The  lens  aperture  was  set  at  F#  5.6  and  the  magnification  factor  was  0.47. 

The  camera  was  positioned  in  the  laboratory  reference  frame.  Therefore,  the 
flow  field  was  recorded  in  the  reference  frame  moving  with  the  mean  flow.  The 
film  used  was  a KDEftK  technical  pan  2415  with  a sensitivity  of  125  ASA.  This 
film  has  a resolving  power  of  320  line-pairs/nm  and  extremely  fine  grain.  The 
large  resolving  power  is  required  for  increased  recording  accuracy.  This 
corresponds  to  a inaccuracy  of  0.002-0.003  nm  in  the  recording  of  the  position 
of  the  tracers  which  corresponds  in  the  present  case  to  an  error  of  1%  or  less 
in  the  high  end  of  the  velocity  range. 

6.2  Results  and  Discussion 


6.2.1  Flow  behind  a circular  cylinder 


The  technique  was  first  tested  in  the  measurement  of  the  flow  behind  a 
cylinder.  The  frequency  of  exposures  was  optimized  according  to  equation  9 
and  equal  to  90  Hz.  The  exposure  time  was  1 msec,  which  corresponded  roughly 

Vw 

Figure  15  is  a triple  exposed  photograph  of  the  flow.  Characteristic 
fringe  patterns,  resulting  frem  coherent  illunination  of  selected  locations  of 
the  photograph  are  also  displayed. 


The  velocity  data  was  acquired  in  a regular  mesh  by  digital  processing  of 
the  Young's  fringes,  produced  by  point  by  point  scanning  of  the  photograph. 
The  scanning  step  size  and  the  dimension  of  the  analyzing  beam  diameter  were 
.5  nm,  which  corresponds  to  a spatial  resolution  of  about  1 mm  in  the  object 
plane.  The  fringe  patterns  were  processed  using  the  interactive 
one-dimensional  averaging  software  described  in  references  4,6  at  the  von 
Karman  Institute  Digital  Image  Processing  Ehcility. 

Figure  16  shews  the  mapped  two-d imens ional  velocity  vector  field 
superposed  cn  the  original  photograph.  As  it  can  be  observed,  this  data 
represents  with  great  fidelity  the  flow  field.  However,  in  sane  regions 
velocity  data  drop-out  occurs,  due  to  the  following  reasons.  Firstly,  at  the 
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locations  near  the  instantaneous  centers  of  rotation  of  the  flew,  the  velocity 
of  the  particles  is  very  close  to  zero  and  beyond  the  low  end  of  the  dynamic 
range  of  the  technique.  This  could  be  avoided  if  the  convective  flow  velocity 
was  measured,  for  example,  by  having  the  camera  traveling  with  the  model. 
Secondly,  .same  data  drop-out  occurs  at  random  locations  due  to  various  reasons 
such  as  scratches  in  the  film,  fringes  with  bad  SNR  or  lack  of  seeding.  These 
regions  of  signed  drop-out  were  " filled- in"  using  an  interpolation  algorithm. 
Because  the  two-dimensional  velocity  field  is  measured  on  a square  mesh,  the 
spatial  derivatives  of  the  velocity,  and  consequently  the  vorticity,  can  be 
estimated  by  a simple  algorithm,  considering  that  the  grid  location  of  the 
measurement  points  are  labeled  with  indices  i and  j,  the  vorticity  component, 
at  location  i,  j is 


" i'j 


_ Vi+1 , j ~ Vi-1, j Ui,i+1  ~ Ui,i-1 
2 Ax  2 Ay 


(35) 


For  the  boundaries  of  the  velocity  field,  an  excenter ed  schene  is  used  to 
evaluate  the  spatial  derivatives.  This  results  in  a small  inaccuracy  on  the 
evaluation  of  the  vorticity  at  the  boundary.  Figure  17  shows  the  vorticity 
contours  for  the  flow  behind  the  cylinder.  Improved  visualization  of  the 
velocity  and  vorticity  fields  is  obtained  by  color  encoding  the  different 
levels  of  the  vorticity  component  ft  as  shown  in  figure  18. 


6.2.2  Flow  over  the  NACA  0012  Airfoil 


EOr  the  flow  over  the  airfoil  the  frequency  of  exposures  vas  varied  over  a 
wide  range  from  60  Hz  to  90  Hz.  Preliminary  analysis  of  the  film  negatives 
showed  that  best  results  were  Obtained  with  a frequency  of  90  Hz.  The 
exposure  time  was  1 msec  and  kept  constant  throughout  the  experiment. 
Ehotographs  obtained  with  different  number  of  exposures  are  shewn  in  figure 
19.  The  figure  demonstrates  that  a significant  increase  in  quality  of  the 
"flow  visualization"  is  achieved  with  a larger  number  of  exposures.  Another 
equally  important  effect  of  the  nuttoer  of  exposures  is  the  improvement  of 
fringe  sharpness  and  SNR. 

A complete  analysis  of  the  triple  exposed  photograph  (Figure  19  b) ) vas 
also  carried  out  and  results  are  presented  on  figure  20. 
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7.  CGKUUBI06 


Using  the  apparatus  described  in  the  previous  sections  a series  of 
Particle  Displacement  Images  were  successfully  taken  using  different  exposure 
parameters.  local  coherent  illumination  by  the  probe  laser  beam  yielded 
Young's  fringes  of  good  quality  at  almost  every  location  of  the  flow  field. 
Using  the  von  Karman  Institute  Image  Processing  facility,  these  fringes  were 
analyzed  and  the  velocity  and  vorticity  fields  were  derived.  The  present 
study  has  lead  to  the  following  conclusions: 

(i)  Particle  Image  Displacement  Velocimetry  is  irdeed  suitable  for  the  study 
of  flows  with  vortical  motions. 

(ii)  In  the  present  study,  the  flow  velocities  were  limited  to  a anall  value 
(50nn\/sec)  because  of  laser  power  limitations.  However  this  limitation 
does  not  apply  if  a pulsed  laser  delivering  high  energy  pulses  is  used. 
Once  a pulsed  laser  becomes  available  to  us,  tests  in  the  EMRL  wind 
tunnel  will  be  conducted  to  prove  the  feasibility  of  the  technique  in 
higher  velocity  (up  to  100m/ sec)  air  flows. 

(iii)  A larger  towing  tank  facility  has  just  become  available  to  the  EMRL  in 
which  tests  can  be  carried  out  in  a wide  range  of  towing  velocities . 

This  facility  is  provided  with  camera  mounts  that  travel  with  the  towed 
model.  Therefore  it  is  possible  to  capture  the  flow  in  two  reference 
frames:  the  one  traveling  with  the  model  and  that  of  the  laboratory. 

(iv)  The  next  step  in  the  development  of  the  technique  will  consist  on  the 
development  of  schemes  to  compensate  for  the  error  introduced  by  the 
out-of-plane  motion  and  device  methods  for  its  correction. 

Simultaneously  a method  for  the  measurement  of  the  magnitude  of  the 
out-of-plane  motion  will  be  developed. 

(v)  The  EMRL  capabilities  in  the  area  of  digital  processing  of  the  Young's 
fringes  is  presently  being  developed.  In  a later  stage  Image 
<^orTelation  techniques,  will  also  be  investigated,  and  a comparison  of 
the  performance  of  the  two  methods  will  be  carried  out. 
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Figure  1.  Schematic  of 
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Figure  3.  Schematic  of  the  image  correlation  function 
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Figure  4.  Mode  of  operation  versus  seeding  concentration 
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Figure  6.  Fringe  pattern  generated  by  multiple  image  pairs. 
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Figure  8.  The  variation  of  fringe  width  with  number  of  exposures. 


Figure 


Young's  Fringes 


a)  film  negative  b)  film  positive 


9.  Young's  fringe  patterns  obtained  with  film  negative 
and  positive. 
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Figure  10.  The  density-exposure  curve  for  a film 
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Image  Plane 


Figure  11.  A schematic  of  the  imaging  system  for  the 
estimation  of  the  out-of -plane  motion. 
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Figure  12.  Theoretical  re 
out-of-plane  m 
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Figure  13.  Photograph  of  the  experimental  facility. 
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Diffracted  Beam 
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Figure  14.  Schematic  of  the  laser  shutter 
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Figure  15.  Triple  exposed  photograph  of  the  vortex  street. 
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Figure  16.  Velocity  vector  map  of  the  vortex  street 
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Figure  18.  Velocity  and  vorticity  fields  of  the  Kansan  vortex  street. 
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Figure  19c.  Multiple  exposure  photographs  of  flow  past  an  airfoil 
at  30  degrees  angle  of  incidence;  a)  double  exposure, 
b)  triple  exposure,  c)  Quadruple  exposure. 
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Figure  20.  Velocity  and  vorticity  fields  of  flow  over  a NACA  0012  airfoil 
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Abstract 


Computer  graphics  and  theoretical  descriptions  of  density  are  used 
to  obtain  computer  generated  flow  visualizations  called  computational 
interf erograms.  Computational  interferograms  are  pictorially  analogous 
to  optical  interferograms,  and  examples  showing  the  fringe  pattern  for 
the  flow  about  a sharp  tip  cone  in  a supersonic  air  stream  are 
presented.  To  ascertain  the  effect  of  unsteady  behavior,  local  density 
disturbances  are  added  to  the  steady  state  flow  field.  This  introduces 
irregularities  to  the  computational  interf erogram  like  those  seen  in  the 
optical  interferograms.  These  theoretical  disturbances  can  be  varied  in 
geometry,  density  description,  translated  with  time,  and  strengthened  or 
dissipated.  The  accuracy  of  computational  interferometry  relies  on  the 
accuracy  of  the  theoretical  density  descriptions  and  therefore,  it 
provides  a way  of  verifying  existing  models  of  flow  fields,  especially 
those  containing  unsteady  or  turbulent  behavior.  In  addition  to  being  a 

* ^ C 1 •••  M<«a1  4 a««  /'AaiTMi  tfl  0113  1 ini" prfprnm p t rv  can  be 
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used  to  develop  and  modify  theories  or  numerical  solutions  to  both 
simple  and  complex  flow  fields.  The  present  research  is  a general 
description  of  this  process. 

Keywords 

Computational  Interferomenty,  Interferometry,  Computational  Flow  Fields, 
Optical  Flow  Fields 

Introduction 

This  research  describes  an  innovative  process  for  depicting  and 
understanding  specific  details  of  flow  fields.  The  process  is  called 
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computational  interferometry,  and  it  combines  the  drawing  features  of 
computer  graphics  with  the  principles  of  interferometry  to  obtain 
computer  drawn  displays  of  numerical  solutions  to  flow  fields. 

Computational  interferometry  is  a unique  approach  to  obtaining  flow 
field  visualizations  and  a relatively  new  approach  to  the  general  study 
of  simple  and  complex  flows.  The  main  ideas  of  this  process  originally 
Reference  3.  The  present  work  refines  the  original  process  to  handle 
asymmetric  and  nested  flows.  The  motivation  for  this  research  stems 
from  the  fundamental  difficulties  associated  with  normal  interferometric 
applications,  especially  to  complex  flows.  Normal  applications  are 
troubled  by  adequate  treatment  of  the  derivative  of  the  experimental 
data,  coping  with  limited  data,  and  are  generally  restricted  in  scope  to 
3-D  axisymmetric  flows.  Conceptually,  computational  interferometry  is 
not  effected  by  these  problems.  The  present  research  describes  a 
general  process  for  treatment  of  asymmetric  flows,  and  special 
development  is  made  for  nested  flow  fields.  The  term  "nested  flow"  as 
used  here  pertains  to  central  fields  that  are  embedded  with  one  or  more 
smaller  fields.  The  smaller  fields  of  this  research  are  ficticious,  but 
they  are  representative  of  local  turbulent  structures  commonly  found  in 
real  in  many  flows. 

Theoretical  Modeling 

Interferometry  is  an  optical  process  that  can  be  used  to  measure 
variations  in  optical  path  length.  Optical  path  length  is  proportional 
to  the  density  integrated  along  the  geometric  path,  and  therefore, 
interferometry  can  be  used  to  measure  density  variations  in  a defined 
volume.  Basic  techniques  using  interferometry  are  well  documented  (Ref.1,2). 


The  basic  equation  for  the  interferometry  process  is, 


Sj=  oJ\ f(x,y,  z)dl| 


(l) 


where. 


SjOc.y)  is  the  fringe  shift. 

G is  a constant  that  depends  on  the  wavelength  and  a 

reference  density. 

|.  is  the  geometric  length  traveled  by  the  light  waves. 

ffx,y,z)  is  the  density  function. 

The  present  study  is  for  the  axisymmetric  flow  about  a sharp  tip 
cone,  and  the  curvature  of  the  light  waves  through  the  flow  field  is 
assumed  to  be  small  compared  to  the  distance  traveled  by  the  waves. 
Figure  1 shows  the  coordinates  and  line  of  sight  for  this  case. 

For  axisymmetric  fields  that  are  assumed  to  be  refractionless, 
S(x,y)  * S(y)  and  f(x,y,z)  “ f(r^)  where  r^  * y^  + z^.  Then  for  any 


plane  normal  to  the  x-axis  (x  = xc),  Equation  (1)  becomes, 

r2 


s(y)=e/ 

y2 


dr2 


(2) 


Following  the  method  of  Bradley  (Ref.  7),  evaluation  of  Equation  (2)  is 
done  using  the  transformations: 


For  which. 


T}=  1 — (r/R)2.  |=1— (y/R): 


SU)= 


d n 


(3) 

(4) 


Equation  (4)  is  seen  to  be  Abels  integral  equation  which  can  be 
evaluated  when  f07)  is  aptly  defined.  For  example,  if  fCty)  is 
represented  by  a polynomial,  all  integrals  are  finite  at  both  limits 
even  though  the  integrand  is  singular  at  *1*^. 

For  experimental  applications,  the  unknown  quantity  is  the 
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density,  which  is  sought  from  a knowledge  of  S(£).  the  fringe  shift. 
Mathematically,  is  obtained  by  inverting  Equation  (4),  a step  that 

has  two  general  difficulties.  First,  unless  the  flow  field  is  two 
dimensional  or  3-D  axisymmetric  the  inversion  can  not  be  done  because 
there  is  no  general  analytical  solution  to  Equation  (3)  for  asymmetric 
fields.  Second,  inversion  of  Equation  (3)  requires  differentiation  of 
S(£).  Since  S(|)  is  based  on  experimental  measurements,  differentiation 
can  easily  amplify  scatter  in  the  S(£)  data  to  a level  where  the  final 
determination  of  f(*7)  is  worthless. 

The  Computational  Interferometric  Approach 

Computational  interferometry  is  a reverse  of  the  experimental 
approach.  Starting  with  a known  f(*7),  Equation  (4)  is  used  to  calculate 
S(£)  for  the  entire  field.  Then,  computer  graphics  are  used  to  draw  the 
S(£)  data,  and  the  final  result  is  a computer  generated  interf erogram 
that  is  similar  to  the  corresponding  real  interf erogram.  Note  that 
since  the  computational  interf erogram  results  from  direct  application  of 
Equation  (4),  no  inversion  is  required,  no  differentiation  of  data  is 
done,  and  the  flow  fields  may  be  complex  or  asymmetric.  Conceptually, 
only  a proper  description  of  f (*7)  and  Equation  (4)  are  required.  In  the 
present  application,  the  density  throughout  the  inviscid  flow  is  known 
from  the  Taylor-Maccoll  solution  for  a cone  (Ref.  8)  whereas  the  density 
in  the  boundary  layer  is  determined  from  a numerical  solution  for 
axisymmetric  boundary  layer  flow  (Ref.  5). 

A fringe  in  an  interf erogram  is  a line  of  constant  optical  phase. 
The  spacing  between  adjacent  fringes  defines  one  wave  length  changes  in 
the  optical  path  lengths  through  the  field.  When  an  interferometer  is 
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adjusted  to  produce  a finite  fringe  interf erogram  in  which  the  reference 
fringes  are  oriented  vertically,  an  optical  reference  field  of  known 
phase  is  established.  Along  any  fringe,  the  phase  is  constant  which 
means  the  optical  path  lengths  are  also  constant.  When  local  changes  in 
the  optical  path  lengths  are  introduced,  the  optical  phase  of  the  waves 
changes  which  results  in  a lateral  bending  of  the  fringes  from  their 
vertical  orientations.  The  bending  is  necessary  to  maintain  the 
continuity  of  the  preestablished  phase  relationships,  and  the  magnitude 
of  the  bends — the  fringe  shifts — is  directly  proportional  to  the  local 
changes  in  the  optical  path  lengths  through  the  field. 

Figure  2 illustrates  the  fringe  shift  principles  for  an 
interferogram  of  the  cone  case.  Only  two  fringes  and  the  upper  plane 
are  shown  to  simplify  the  diagram.  As  shown,  the  local  coordinates  of 
fringe  1 are  (x,y)  which  are  defined  with  respect  to  the  body  axis 
system  located  at  the  tip  of  the  cone.  The  xc  plane  is  taken  to 
coincide  with  the  reference  position  of  fringe  1.  Due  to  increases  in 
the  optical  path  lengths  through  the  inviscid  field,  fringe  1 is  bent 
laterally  to  the  right,  the  magnitude  of  this  shift  is,  S m j£l D.  Had 
the  optical  path  lengths  decreased,  fringe  1 would  have  shifted  to  the 
left.  Hote  that  this  happens  for  the  boundary  layer,  because  the 
optical  path  lengths  through  the  boundary  layer  are  less  than  those  of 
the  inviscid  flow  fields.  The  length,  jI,  is  the  actual  distance  that 
fringe  1 is  shifted  and  D is  the  reference  spacing  between  fringes  1 and 
2.  The  distance  D signifies  that  in  the  reference  state,  the  optical 
path  length  for  fringe  2 is  one  wave  length  longer  than  it  is  for  fringe 
1.  The  ratio  of  J&! D is,  therefore,  a percentage  change  in  the  optical 
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path  length  relative  to  fringe  1 and  the  xc  plane.  Therefore,  the 
coordinates  are  seen  to  be, 

X=XC-K*=XC+SD  . Y=Xtan0  (5) 

For  the  conical  flow  of  the  inviscid  field,  the  fluid  properties 
are  only  functions  of  the  angle  <f>  and  the  fluid  properties  are  constant 
along  rays  for  4>  equal  to  a constant.  Hence,  fringe  shifts  can  be 
ritten  as, 

(6) 

and  rearranging  terms,  the  x,  y coordinates  are. 

The  quantity  (S/x)ref  is  obtained  by  numerically  evaluating  Equation  (4) 
for  a reference  xfi  plane  and  subsequently  dividing  each  computed  S by 
xc.  To  obtain  a polynomial  function  for  the  density  discrete  values  of 
density  are  calculated  from  a numerical  solution  to  the  Taylor-Maccoll 
differential  cone  equation  for  covical  flow.  Then  the  radial  distri- 
bution of  density  is  obtained  from  a least  squares  curve  fit  of  these 
computed  Taylor-Maccoll  values.  The  distribution  of  density  in  planes 
normal  to  the  cone  axis  is  required,  because  the  evaluation  of  the 
integrals  of  Equation  (4)  is  for  vertical  planes.  Note  that  since 
Equation  (4)  is  defined  in  terms  of  the  transformed  coordinates,  the 
polynomial  distribution  for  the  density  must  be  expressed  in  terms  of  TJ> 
Substituting  the  polynomial  into  Equation  (4)  and  completing  a term-by- 
term  evaluation  of  the  integrals. 


1-(S/X)(e,0 


r=H 
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S(0=  2G  *JT  <8> 

Evaluation  of  the  interferometric  integral  involves  a double 
series;  one  series  accounts  for  the  polynomial  distribution  of  the 
density  while  the  other  series  is  a consequence  of  the  term-by-term 
evaluation  of  the  integral.  The  accuracy  of  this  fringe  shift 
computation  for  the  inviscid  flow  is  discussed  in  Ref.  4 where  the 
relative  error  is  shown  to  be  less  than  0.15Z. 

With  fringe  shift  data  now  available,  the  procedure  for  computing 
the  coordinates  of  the  fringes  for  the  inviscid  field  is: 

(1)  Select  D,  the  reference  fringe  spacing* 

(2)  Select  xc,  the  fringe  starting  position. 

(3)  Compute  from  <f>  - tan(y/xc)  for  each  y coordinate  where  (S/x)ref 
is  known. 

(4)  Compute  (x,y)  from  Equation  (7)  for  all  values  of  (S/x)ref. 

(5)  Index  xc  by  D;  xc  » xc  + D. 

(6)  Repeat  steps  (2)-(5)  until  the  field  is  defined  completely. 

For  the  boundary  layer,  the  fluid  properties  are  not  constant  along 

rays  eminating  from  the  cone  tip,  nor  are  they  scalar  multiples  from  one 
plane  to  the  next.  Consequently,  a new  radial  distribution  for  the 
density  is  required  for  each  new  x plane  being  surveyed.  This  leads  to 
an  iteration  process.  The  quantities  required  are  the  boundary  layer 
thickness  and  the  radial  distribution  for  the  density.  Both  of  these 
are  obtained  from  theory  (Ref.  5).  The  iteration  procedure  involves 
picking  x and  y and  using  Equation  (8)  with  additional  terms  for  the 
boundary  layer  to  compute  S.  This  value  is  compared  to  S - S/D,  and  x 
is  iterated  until  the  two  S values  agree. 

Figure  3 is  a computational  interf erogram  that  illustrates  the 
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above  procedures.  The  field  is  for  supersonic  flow  over  a sharp  tip 
cone  and  includes  treatment  of  the  boundary  layer.  The  straight  fringes 
of  the  reference  region  are  seen  to  shift  abruptly  to  the  right  as  they 
cross  the  shock  wave.  Then  they  make  a smooth  curve  through  the 
inviscid  field  to  the  boundary  layer  at  which  point  they  shift  back  to 
the  left.  The  fringe  reversal  in  the  boundary  layer  is  due  to  a 
shortening  of  the  optical  path  lengths  for  this  region. 

Computational  Interferometry  for  Nested  Flow  Fields 
The  fringes  seen  in  interf erograms  of  real  flow  fields  are 
generally  unlike  the  smooth,  uniform  fringes  of  the  computational 
interf erograms,  because  the  real  flow  fields  often  contain  time  varying 
local  disturbances  that  are  omitted  from  the  theoretical  solutions.  For 
example,  real  flow  fields  can  contain  turbulent  eddies  which  are  seen  as 
irregularities  in  the  interf erograms.  Figure  4 exhibits  an  irregularity 
which  is  circled  for  identity.  This  is  an  enlargement  of  a section  of 
the  flow  field  presented  in  Figure  6.  The  exact  nature  of  the 
irregularity  is  unknown,  and  because  only  one  view  of  this  flow  field  is 
possible,  an  exact  determination  of  the  density  associated  with  this 
irregularity  can  not  be  determined  from  this  interf erogram.  Since  this 
irregularity  is  in  the  midst  of  a presumeably  stable  field,  the 
interf erogram  definitely  shows  the  presence  of  a secondary  flow.  Using 
computational  interferometry,  a possible  resolve  of  this  irregularity — 
the  others  as  well — is  obtained  by  inserting  secondary  flow  fields  in 
the  theoretical  description  of  the  primary  field,  and  then  by  computing 
and  displaying  the  resultant  alterations  to  the  fringe  pattern. 
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When  secondary  flows  are  placed  in  the  primary  flow,  the  composite 
field  is  no  longer  axisymmetric,  and  Equation  (8)  must  be  changed.  The 
integration  is  still  valid  for  y = constant,  but  must  be  modified 

to  account  for  the  secondary  fields. 

An  illustrative  example  of  an  embedded  field  is  shown  in  Figure  5. 
The  primary  field  is  still  the  inviscid  field,  and  it  is  centered  on  the 
y-z  axes.  The  disturbance  is  arbitrarily  located  a distance  h and  k 
from  the  y-z  axes  respectively. 

The  principle  of  linear  superposition  is  used  to  determine  the 
fringe  shift  for  the  y^  ray  passing  through  this  composite  field, 
s(yj)=sSi(yj)  + sdlyj)  (9) 

Here,  S£(yj)  is  the  fringe  shift  for  the  inviscid  field  and  (yj)  is 
the  fringe  shift  for  the  embedded  disturbance,  ^^(y^  is  expressed  as 
the  fringe  shift  of  the  disturbance  free  field  minus  the  portion 


occupied  by  the  disturbance, 

Sj(y,)=G J di2  - S|d(yj)  do) 

y2  * ~y 

where  is  the  inviscid  field  contribution  to  the  total  fringe 

shift  that  is  overlapped  by  the  disturbance,  ^id^i^  *-8  determined 
using  Equation  (1)  and  integrating  from  to  zj* 


sjd(yi)=G f f(yrz)dz 

h 

Since  the  inviscid  field  is  axisymmetric, 
5 (y  } — iir*  Hr* 

sidlyiJ-7 L t/T-Tar 


i;2  V r — Yj 

From  the  circular  geometry  of  the  disturbance. 


(11) 


(12) 
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(13) 


*=  zf+y,z  = [ h -^y-(y-k)4  ] 4-  yf 
r*=z|«r*  = [h+Vy-ty-kf  I + yf 

Using  Bradley's  transformations, 

9,U)  = l-(£)  92C£) = 1-  (£)2 

Equation  (12)  becomes. 


Equation  (14)  is  solved  in  the  same  manner  as  the  axisymmetric  case,  and 
fj(>7)  is  the  same  density  function  as  that  used  in  Equation  (3). 

For  the  disturbance  S^y^)  is, 

sd  (yi)  = G/fd(2)dz  (15) 

z, 

fd(z)  is  the  density  function  for  the  disturbance  at  (x„,  y.). 

To  avoid  a discontinuity  at  the  geometric  boundaries  of  the 
disturbance,  f^Cz)  is  matched  with  f^(z)  at  z^  and  Z£,  and  a peak 
density  is  arbitrarily  chosen  for  the  center  point.  With  these  three 
points  known,  a quadratic  distribution  for  the  density  as  a function  of 
z is  calculated  and  used  to  evaluate  Equation  (15). 

The  computational  interf erogram  for  the  nested  fields  is  obtained 
in  the  same  manner  as  the  interf  erogram  for  the  axisymmetric  field,  but 
when  a light  ray  falls  within  the  disturbance  boundaries,  a combined 
fringe  shift  is  calculated  using  Equations  (8),  (14)  and  (15).  This 
calculation  is  a trial  and  error  process  in  which  an  interation  for  the 
x coordinate  of  the  fringe  is  carried  out  for  a constant  y coordinate. 
The  process  involves  selection  of  x,  calculation  of  S(y)  using  Equations 
(5),  (8)  and  (9),  and  a second  calculation  of  S using  S *^/D.  The  two 
S values  are  compared,  and  the  intersection  process  is  repeated  until 
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these  S-values  agree.  Computational  interf erograms  for  multiple 
disturbances  are  obtained  in  a similar  manner  simply  by  summing  the 
contribution  of  each  disturbance. 

Results 

Figure  6 shows  a comparison  between  the  computational  and  optical 
interferograms  for  a flow  field  similar  to  that  of  Fig.  3.  This  flow 
field  is  for  steady  state,  irrotational,  adiabatic,  inviscid  flow  with  a 
boundary  layer  over  a sharp  tip  cone  in  a supersonic  air  stream. 

The  agreement  between  these  two  interferograms  is  good  but  there  are  some 
differences.  The  main  difference  between  the  two  interferograms  of  Fig. 

6 is  the  nonuniformities  and  subtle  irregularities  in  the  fringes  of 
the  optical  interf erogram.  These  irregularities  are  present  because  the 
optical  interf erogram  is  an  instantaneous  recording  of  an  unsteady 
turbulent  flow  field  and  these  irregularities  are  exhibiting  the 
turbulence.  For  the  present  research,  models  for  these  disturbances  are 
added  to  the  computational  interf erogram  by  nesting  ficticious  density 
fields  in  the  inviscid  field.  The  disturbance  fields  selected  here  are 
arbitrary  and  are  used  only  to  study  the  disturbance  effects  on  the 
fringe  pattern  and  the  general  degradation  of  the  fringe  patterns  in 
interferograms  of  stable,  steady  flows. 

A computational  interf erogram  for  a section  of  the  inviscid  field 
is  illustrated  in  Fig.  7.  This  section  is  a nested  field  because  it 
contains  a disturbance.  The  geometric  description  of  this  disturbance 
is  a diamond  that  has  circular  cross  sections.  The  density  of  every 
point  on  the  boundary  of  the  disturbance  is  matched  with  the  corre- 
sponding inviscid  field  density  at  all  respective  boundary  points. 
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Comparing  Figures  4 and  7,  the  computational  fringe  distortions  of 
Figure  7 are  beginning  to  resemble  the  irregularities  seen  in  real 
interferograms.  This  strongly  suggests  that  more  careful  and  realistic 
modeling  of  the  disturbances  would  produce  good  agreement  between  the 
computational  and  optical  interferograms. 

A final  result  of  the  present  research  is  presented  in  Fig.  8. 
Figure  8 is  a computational  interf erogram  for  a flow  field  with  two 
nested  disturbances.  The  disturbances  are  equal  in  geometry  and  they 
have  the  same  centerline  density  distributions.  However,  as  seen  in 
Fig.  8,  these  disturbances  have  distinctly  different  effects  on  the 
fringe  pattern.  The  upper  disturbance  is  the  same  as  that  of  Fig.  7. 

It  is  located  in  the  primary  field  along  the  y-axis  (h  = 0,  Figure  5). 
The  lower  disturbance  is  located  off  both  axes.  This  disturbance 
occupies  a portion  of  the  primary  field  where  the  density  of  the  primary 
field  is  stronger  than  that  of  the  position  of  the  upper  disturbance. 
Hence,  there  is  a net  reduction  in  the  optical  path  lengths  for  this 
disturbance  which  causes  the  fringes  to  bend  to  the  left.  The  results 
of  Fig.  8 are  significant,  because  they  show  clearly  that  not  only  are 
the  geometric  definitions  and  the  continuity  of  density  distributions 
important  factors,  but  the  location  of  the  disturbances  within  the  field 
are  of  equal  concern. 


Conclusions 

Computational  interferometry  is  an  innovative  technique  that  can  be 
used  to  obtain  flow  visualizations  of  theoretical  flow  fields.  These 
interferograms  are  in  every  way  analogous  to  the  optical  interferograms 


356 


of  real  flow  fields,  because  they  describe  the  theoretical  phase  content 
of  events  in  the  same  way  as  the  real  interf erograms.  Practical  applica- 
tion of  computational  interferometry  lies  in  its  usefulness  to  exhibit 
the  numerical  solution  of  flow  fields  in  a way  that  allows  researchers 
the  opportunity  to  see  the  event  just  as  it  would  appear  in  reality.  A 
significant  extension  of  computational  interferometry  involves  applica- 
tions to  the  analysis  of  nested  flow  fields,  transient  events  and 
unsteady  behavior  in  a manner  that  permits  direct  comparision  to  real 
f lows.  While  the  disturbance  models  studied  in  this  research  are  fic- 
ticious, the  effects  they  produce  on  the  central  fringe  pattern  indicate 
that  with  proper  fluid  dynamic  modeling,  the  interferometric  structure  of 
flow  field  disturbances  can  be  drawn  and  studied  in  detail.  This  capability 
is  not  known  to  exist  in  any  other  flow  visualization  process. 

The  most  serious  limitation  of  computational  interferometry  appears 
to  be  the  concern  for  uniqueness:  Can  more  than  one  arrangement  of  dis- 

turbances produce  identical  interf erograms?  The  scope  of  this  research 
can  not  answer  this  important  question,  and  it  certainly  seems  that  more 
than  one  arrangement  of  nested  flows  could  produce  identical 
interf  erograms.  Remembering  that  these  nested  fields  are  not 
axisymmetric  and  that  more  than  one  view  of  an  asymmetric  field  is 
required  for  a complete  analysis,  the  answer  of  uniqueness  lies  in 
drawing  multiple  views  of  computational  interferometry  for  the  same 
event,  and  then  comparing  these  interf  erograms  to  optical  interf  erograms 
of  the  real  event.  Accomplishing  the  latter  step  is  difficult,  possibly 
even  impossible  for  transiant  events,  because  multiple  views  of  real 
flow  fields  are  very  difficult  to  obtain. 
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Re commend at  ions 


The  findings  of  this  research  definitely  suggest  additional  study. 
First,  development  for  real  disturbances  should  be  undertaken  so  that 
more  meaningful  comparisons  to  optical  interf erograms  of  real  events  can 
be  done.  Following  this,  the  question  of  uniqueness  should  be  resolved 
by  conducting  a comprehensive  experimental  and  theoretical  study  of  a 
reproduceable  asymmetric  nested  flow  field  which  leads  itself  to 
multiple  viewing. 
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FIGURE  LEGENDS 


FIG.  1 Geometry  and  Coordinates  for  a Shart  Tip  Cone  in  Supersonic 
Flow 

FIG.  2 Friner  Shift  Description  for  a Sharp  Tip  Cone 

FIG.  3 Computation  Interf erogram  for  Inviscio  Field  and  Boundary  Layer 

FIG.  4 Optical  Interf erogram  of  Fringer  Irregularities 

FIG.  5 Coordinates  for  Disturbance  Location 

FIG.  6 Direct  Comparison  Between  Computational  and  Optical 
Interf erograms 

FIG.  7 Computational  Interf erogram  of  Disturbance  with  Density  and 
Geometrical  Continuity 

FIG.  8 Multiple  Disturbances  in  a Computational  Interf erogram 


360 


361 


362 


^kaU'iAL  FACE  IS 

OF.  POOR  QUALITY 


364 


365 


366 


Fig  • 


§38333333 

(WO)  A 


368 


N87-29451 

~ * 4%  A. 


Application  of  digital  interf erogram  evaluation 
techniques  to  the  measurement  of  3-D  flow  fields 


Friedhelm  Becker  and  Yung  H*  Yu 
Aeromechanics  Laboratory  (AVSCOM) 
NASA  Ames  Research  Center 
Moffett  Field,  California  94035,  USA 


/t>3  ¥& o 


369 


Contents 


1 • Introduction 

2.  Experimental  setup  and  holographic  recording 
3*  Interf erogram  evaluation 
3*1  Hardware  components 

3.2,  Digitization  and  preprocessing 

3.3.  One  dimensional  evaluation 

3*4.  Two  dimensional  interactive  processing 
3*4.1  Segmentation,  polygon  representation 

3.4.2  Numbering,  Error  correction 

3.4.3  Interpolation 

4.  Reconstruction 

5.  Conclusions 

6.  Acknowledgments 

7.  References 


PRECEDING  PAGE  BLANK  NOT  FILMED 


371 


msmoHAiii  sum 


Abstract 


A system  for  digital  interf erogram  evaluation  has  been  implemented 
based  on  an  image  processing  system  connected  to  a host  computer.  The 
system  supports  one  and  two-dimensional  inter f erogram  evaluations, 
Interf erograms  are  digitized,  enhanced  and  segmented.  The  fringe 
coordinates  are  extracted  and  the  fringes  are  represented  as  polygon 
data  structures.  Fringe  numbering  and  fringe  interpolation  modules 
are  implemented.  The  system  supports  editing  and  interactive  features 
as  well  as  graphic  visualization.  An  application  of  the  system  to  the 
evaluation  of  double  exposure  inter ferograms  from  the  transonic  flow 
field  around  a helicopter  blade  and  the  reconstruction  of  the  3-D  flow 
field  is  given. 


Keywords:  automatic  fringe  analysis,  interferometry,  digital  image 

processing,  transonic  fLows,  holographic  techniques 
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1 • Introduction 


Holographic  interferometric  techniques  have  been  widely  used  in 
recent  years  in  the  area  of  aerodynamics  for  flow  visualization  and 
quantitative  measurement  of  flow  properties,  particularly  for  large 
field  measurements  in  two-  and  three-dimensional  transonic 
flows  [1-4]. 

Interferometric  techniques  measure  the  optical  pathlength 
differences  (OPD)  between  the  actual  refractive  index  field  n(x,y,z) 
and  a reference  field  nQ,  in  either  the  undisturbed  flow  or  the  test 
section  without  flow.  The  path  length  differences  in  the  plane  of 
observation,  measured  along  the  probing  rays  L in  units  of  the 
wavelength  X,  are  registered  as  phase  shifts  AiJ;  of  the  fringes  in  an 
interf erogram 

A+A 

OPD  / [n  - n0]  ds  = NX  (1) 

2tt  L 

where  N is  the  fringe  order  number.  The  fringes  in  an  interferograra 
represent  contour  lines  of  equal  OPD. 

In  the  two-dimensional  case  where  a constant  refractive  index  along 
the  probing  rays  is  assumed,  the  OPD  is  directly  related  to  the 
refractive  index  and  one  interferogram  is  sufficient  to  obtain  the 
flow  field  at  any  interesting  location  in  the  field  of  view. 
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In  the  general  case,  however,  where  the  flow  field  is  asymmetric,  a 
set  of  interferograms  has  to  be  recorded  at  different  viewing  angles 
around  the  field  to  reconstruct  the  flow  field.  Such  an  int erf erogram 
is  a projection  of  the  index  of  the  refractive  index  field  as  it 
represents  line  integrals  of  a scalar  variable  along  rays.  In  general 
the  line  integral  can  be  written: 

1 

Nx(5,z)  - - / [n(x  ,y , z ) - nQ)  ds  (2) 

X 

where  (5,z)  denote  the  coordinates  in  the  inter f erogram  plane  and 
1,^(5, z)  is  a pathlength  through  the  object. 

The  refractive  index  at  any  given  point  in  the  flow  field  may  be 
obtained  by  applying  computer  assisted  tomography  (CAT)  methods  to 
invert  the  integral  equation  (2).  In  the  refractionless  limit,  which 
is  assumed  here,  the  light  rays  passing  through  a horizontal  plane 
(z*const)  of  the  phase  object  form  the  fringe  order  function  along  a 
straight  horizontal  line  in  the  inter f erogram  plane.  This  assumption 
which  is  valid  in  the  actual  application,  as  shown  by  a numerical 
simulation  [5],  considerably  simplifies  the  numerical  reconstuction 
procedure,  because  it  allows  to  reduce  the  3-D  reconstruction  problem 
to  a 2-D  one  by  processing  horizontal  planes  independent ly . 

One  important  step  between  recording  interferograms  and  applying 
tomographic  reconstruction  techniques,  however,  is  the  evaluation  of 
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interferograms : reading  fringe  positions  and  fringe  numbers.  Up  to 

now,  most  interferograms  from  aerodynamic  tests  have  to  be  evaluated 
by  either  reading  fringe  numbers  and  its  positions  manually  or  by 
tracing  the  fringe  lines  by  hand  with  the  help  of  a tracking  device 
(for  Instance  a graphic  tablet).  Manual  evaluation,  however,  is  a 
very  time  consuming  and  inaccurate  procedure.  It  is  evident  that  in 
the  current  application,  where  large  numbers  of  interferograms  have  to 
be  evaluated  at  several  horizontal  planes,  utilization  of  an  automatic 
fringe  reading  procedure  would  enhance  the  evaluation  considerably  and 
would  make  the  interferometric  technique  a much  more  powerful 
measurement  tool. 

There  are  some  different  approaches  to  automatize  the  interferogram 
analysis.  One  is  direct  phase  measurement  interferometry  which  uses 
phase  shifting  or  heterodyne  techniques  to  obtain  a set  of 
phase-shifted  interferograms  from  which  a relative  phase  at  any  given 
point  in  the  plane  of  observation  may  be  calculated  (6-10).  A similar 
approach  is  point  by  point  electronic  phase  measurement  using 
heterodyne  interferometry  [111.  Both  methods  have  been  used  for 
measuring  deformations  of  opaque  solid  objects  in  nondestructive 
testing  and  for  surface  measurements  in  optical  quality  testing. 

Phase  measurements  on  a point  by  point  basis  may  be  very  precise,  but 
are  inherently  slow  and  need  a high  acquisition  time.  The  application 
of  phase  shifting  techniques  requires  real  time  test  environments, 
simultaneous  recording  of  multiple  phase  shifted  Images,  or  multiple 
reference  beam  holography. 
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By  introducing  enough  tilt  into  the  interferometric  system  (finite 
fringe  interferometry)  it  is  possible  to  restrict  the  fringe  field  to 
a straight  line  type  pattern.  This  may  then  be  evaluated  by  using 
Fourier  techniques  [12],  or  spatial  synchronous  phase  detection  [13]. 
These  techniques  require  high  fringe  densities  and  therefore  a high 
resolution  detection.  Processing  times  are  also  very  high. 

Other  approaches  involve  the  use  of  image  processing  systems  to 
enable  a computer  aided  evaluation  of  the  real  fringe  pattern.  This 
systems  usually  digitize  and  digitally  enhance  the  fringe  pattern. 

Some  perform  one  dimensional  fringe  analysis  for  nondestructive 
testing  applications  [14-16],  locate  fringe  centers  [17]  or  fringe 
sides  [18-22]  or  trace  the  fringe  extrema  [23]  in  two  dimenional 
analysis  Implementations.  Interactive,  computer-based  systems  allow 
the  Implementation  of  sophisticated  algorithms  for  image  enhancement, 
fringe  segmentation,  error  correction  and  fringe  numbering,  which  have 
to  be  applied  for  the  evaluation  of  conventionally  observed 
interferograms.  Often  the  introduction  of  sufficient  tilt  (as  e.g. 
in  [19])  into  the  interferometric  systems  used  in  fluid  mechanics  is 
not  feasible,  so  the  fringe  patterns  are  generally  of  higher 
complexity. 

In  this  paper,  digital  interferogram  analysis  methods  developed 
previously  by  one  of  the  authors  [20,21],  implemented  on  an  image 
processing  system,  will  be  described  in  more  details  and  will  be 
applied  to  the  reconstruction  of  3-D  transonic  flow  fields  around  a 
rotor  blade. 
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2.  Experimental  setup  and  holographic  recording 


The  double  exposure  holographic  interferograms  of  the  flow  near  a 
hovering  1/7  geometrically  scaled  model  UH-1H  rotor  were  recently 
recorded.  The  one  blade  rotor  system,  1.05  m of  the  span  and  0.075  m 
chord  length  with  NACA  0012  airfoil  sections,  was  run  at  a tip  Mach 
number  of  0.9  In  the  anecholc  hover  chamber  at  Aeromechanics  Lab.  A 
pulsed  ruby  laser  was  used  to  record  the  double  exposed  holograms  of 
the  transonic  flow  field  around  the  blade.  The  diameter  of  the  object 
beam  was  0.6  m,  and  the  total  path  length  was  about  30  m. 

The  first  exposure  was  recorded  with  the  rotor  stationary  while  the 
second  exposure  was  recorded  with  the  blade  rotating  by  synchronizing 
the  laser  pulse  with  the  desired  blade  position.  A more  detailed 
description  of  the  holographic  system  and  the  rotor  test  is  given  in 

13]. 


Fig.  1 shows  a top  view  of  the  set-up  with  a few  typical 
Interferograms  recorded  at  different  azimuthal  angles.  Interferograms 
at  40  different  views  were  recorded  at  2 degree  intervals.  In  Fig. 

1,  Interferograms  recorded  at  angles  around  90  degrees  have  very  few 
or  no  fringes,  because  the  optical  rays  pass  through  a very  thin 
portion  of  the  refractive  Index  field.  Interferograms  recorded  around 
180  degrees  however  contain  many  fringes  as  the  optical  rays  pass 
through  the  longest  portion  of  the  refractive  Index  field  along  the 
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blade.  In  Gome  of  these  interferograms  shock  waves  are  present* 

Parts  of  the  fringe  pattern  are  blocked  off  by  the  shadow  of  the  rotor 
system  in  several  interferograms. 


3*  Interf erogram  evaluation 

In  order  to  reconstruct  the  3-D  flow  field  from  these 
Interferograms,  using  tomographic  reconstruction  techniques,  the 
fringe  number  functions  along  cross-sections  of  a plane  parallel  to 
the  rotor  disk  are  required*  Data  from  all  the  views  are  needed  to 
reconstruct  the  index  of  refraction  in  a particular  plane  above  the 
blade*  Several  planes  have  to  be  reconstructed  in  order  to  get  a 3-D 
flow  field  representation*  This  procedure  requires  each 
Interf erogram  be  represented  in  a form  which  allows  computing  the 
fringe  order  function  at  any  desired  point* 

Interferogram  evaluation  means  to  extract  lines  of  equal  phase 
A4*  (equal  OPD)  from  the  intensity  I(x,y)  in  the  two-dimensional 
Interferogram  plane  which  may  be  written  as 

I(x,y)  - I0(x,y)  * Ii(x,y)  cos(A*).  (3) 

The  terra  Iq  describes  the  background  illumination  and  the  distortions,  and 
I|  is  a modulation  terra*  Both  may  vary  over  the  field  of  view*  The 
fringe's  maxima,  minima,  or  the  fringe's  sides  are  easily  detectable 
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lines  of  equal  phase*  Each  fringe  has  to  be  recognized  (segmented) 
from  Its  surrounding  and  those  pixels  which  represent  the  constant 
phase  line  have  to  be  picked  up.  In  the  simplest  case  where  the 
fringe  field  is  a sinusoidal  pattern  without  any  distortions  (uniform 
background-illumination),  the  segmentation  can  be  done  by  thresholding 
(level-clipping)  using  the  mean  gray  value.  This  procedure  would  give 
the  fringe-sides  as  constant  phase  lines. 

Most  of  the  holographic  interferograms  however  have  a nonuniform 
background  illumination  with  varying  contrast  and  several  other 
distortions  (speckle  noise,  electronic  noise).  The  fringe 
segmentation  in  this  case  has  to  be  somewhat  more  sophisticated  to 
enable  a trouble  free  postprocessing  of  the  extracted  data. 

Another  difficulty  in  evaluation  of  Interferograms  from  transonic 
flows  la  the  large  variation  in  fringe  density.  In  all  of  the  near 
spanwise  views,  the  fringes  are  very  narrow  above  the  blade,  but  are 
very  wide  in  the  rest  of  the  field  (see  Fig.  1).  Also  the  fringe 
frequency  may  change  rather  rapidly  across  the  field,  especially  if  a 
shock  is  present.  In  applying  tomographic  reconstruction  techniques 
it  is  important  to  know  the  flow  field  over  the  entire  field  of  view 
with  high  accuracy.  This  requirement,  however,  conflicts  with  the 
restricted  resolution  of  the  image  processing  system.  A resolving 
power  of  more  than  3000  pixels  across  the  field  of  view  would  have 
been  necessary  to  evaluate  these  interferograms.  In  order  to  achieve 
the  same  resolution  with  the  available  system  blown-up  parts  of  the 
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lnterferograms  had  to  be  processed  Individually  and  had  to  be  merged 
subsequently. 

The  lnterferogram  evaluation  by  computer  aided  methods  can  be 
subdivided  into  the  following  steps:  digitization  of  the 

lnterferograms  and  image  enhancement,  fringe  segmentation  and  fringe 
coordinate  extraction,  merging  of  fringe  fields  obtalnded  from  several 
magnified  views,  fringe  numbering  and  correction  of  fringe 
disconnections,  coordinate  transformations,  interpolation  and 
extrapolation  of  fringe  number  functions  and  finally,  reconstruction 
of  the  flow  field,  conversion  of  fringe  numbers  into  refractive  index 
and  interesting  flow  properties. 

In  the  following,  an  lnterferogram  evaluation  system  will  be 
described,  which  supports  all  of  the  evaluation  steps  mentioned  above. 
All  the  modules  may  be  called  interactively  or  in  batch  mode.  An 
editing  feature  is  also  implemented,  which  allows  supervision  of  the 
evaluation,  correction  of  extraction  errors,  input  of  information  by 
hand,  modification  of  fringe  numbers  and  excessive  graphic 
visualization. 


3. 1 Hardware  components 

An  image  processing  system  (De  Anza  IP-6400)  connected  to  a VAX 
11/780  host  computer  features  the  main  hardware  to  digitize  the 
lnterferograms  and  to  do  some  image  enhancement  processing  as  shown  in 
Fig.  2. 
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The  resolution  of  the  system  ts  512  x 512  pixels  with  an  8 bit 
intensity  range.  Currently  it  is  equipped  with  two  of  possible  four 
memory  planes  as  well  as  a graphic  and  an  alpha  numeric  overlay. 

A frame-grabbing  unit  is  able  to  digitize  a frame  of  a video-signal 
in  real  time  (1/30  sec)*  A black  and  white  video-camera  (MTI  series 
68)  with  a resolution  (bandwidth)  of  18  MHz  is  connected  to  this  input 
channel* 

The  system  has  an  arithmetic-logic-unit  (ALU),  with  which  a 
real-time  addition,  subtraction  or  comparison  of  one  or  more 
image-planes  may  be  made.  The  contents  of  each  memory-plane  may  be 
routed  through  look-up-tables  before  input  to  the  ALU,  to  the 
v ideo— output— processor  or  to  another  plane.  The  actual  contents  of 
any  or  a combination  of  the  image  planes  is  output  via  a 
video-output-processor  and  can  be  shown  on  a color-display.  Each 
channel  has  its  own  color-mapping  tables. 

A joystick  control  device  is  used  for  interactive  input.  It 
controls  two  cursors,  which  may  be  used  in  a number  of  different 
operating  modes.  A color  print  system  (Dunn  Instruments  model  631) 
serves  as  a hardcopy  device  for  the  color  monitor. 
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3*2.  Digitization  and  preprocessing 


During  the  recording  of  the  holographic  interferograms , two 
fiducial  points  were  marked  in  the  image  plane  with  a known  position 
relative  to  the  rotor  system*  This  allows  a subsequent  coordinate 
transformation  into  a space  fixed  coordinate  system* 

Each  lnterferogram  was  then  digitized  over  an  area  of  about  0.18  x 
0*25  m with  several  enlarged  subsections,  depending  on  the  fringe 
density  in  the  interferograms.  A scale,  aligned  to  the  fiducial 
marks,  was  always  digitized  together  with  the  lnterferogram  to  be 
able  to  identify  the  position  and  the  magnification  of  the  enlarged 
segments* 

Before  segmentation  and  fringe  coordinate  extraction  are  applied  it 
may  be  useful  to  do  some  image  enhancement  to  reduce  noise*  Frame 
averaging  methods  increase  the  signal-to-noise-rat io  of  the  imaging 
electronic  components,  thereby  improving  the  picture  quality*  The 
averaging  is  Implemented  in  real  time,  over  30  frames  in  one 
second*  A spatial  smoothing  in  a 3 x 3 kernel  or  in  an  N x M kernel 
is  useful  to  reduce  high  frequency  noise  Introduced  by  the  holographic 
procedure  like  speckle  noise*  A histogram  equalization  may  also  be 
done  to  improve  the  visibility  of  a fringe  pattern  on  the  display. 

But  our  experience  is  that  this  technique  has  to  be  used  with  care 
because  it  is  a nonlinear  transformation  and  it  tends  to  amplify  noise* 
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3*3#  One  dimensional  evaluation 

A one-dimensional  Interactive  processing  may  be  employed,  if  only 
one  2-D  plane  of  the  flow  field  is  reconstructed,  and  hence 
only  one  cross  section  through  each  interf erogram  has  to  be  known*  In 
this  case  some  of  the.  overhead  required  for  the  full  two  dimensional 
evaluation  of  the  fringe  pattern  may  be  avoided.  But  the  procedure 
has  to  be  interactive,  because  local  information  (i.e.  knowledge  of 
the  fringe  locations  along  one  line)  is  not  sufficient  to  number  the 
fringes  correctly  or  to  detect  lost  fringes  or  other  distortions*  In 
an  interactive  procedure  the  information  such  as  acceptance  of  the 
segmentation  and  assigning  of  fringe  numbers  has  to  be  given  by  the 
user* 

Several  methods  have  been  reported  for  pattern  segmentation  which 
involve  gradient  operators  [24],  adaptive  thresholding  [25],  Fourier 
transforms  [15]  or  piecewise  approximation  of  elementary  functions 
[26,27]*  The  gradient  operators,  often  used  in  line  detection 
algorithms,  are  easy  to  implement,  but  don’t  work  well  on  sinusoidal 
patterns*  They  are  also  very  noise  sensitive*  Adaptive  thresholding 
methods  are  often  used  for  document  scanning  and  character 
recognition*  They  too  fail  on  sinusoidal  images*  Fourier  transform 
methods  are  difficult  to  adapt  to  fringe  fields  with  varying  fringe 
frequencies  across  the  scan  line*  Also  they  require  a certain  number 
of  fringes  in  the  cross  section  and  are  mainly  used  for  detecting 
phase  shifts  in  patterns  of  parallel  and  equidistant  fringes*  The 
piecewise  approximation  of  sinusoidal  functions  or  polynomials  has  been 
used  in  a number  of  cases  where  precise  phase  measurements  had  to  be 
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made  in  the  presence  of  speckle  noise  with  only  a few  fringes  in  the 
cross  section.  These  methods  generally  require  excessive  computing 
time  and  the  convergence  and  stability  depends  on  a priori  estimates 
of  the  fringe  positions. 

A floating  threshold  method  [20]  has  been  used  here  for 
segmentation.  This  is  a two  pass  scheme.  In  the  first  pass  the  scan 
line  is  searched  for  extrema  using  a hysteresis  detection  scheme.  A 
local  extremum  is  only  accepted,  if  it  has  a minimum  gray  value 
difference  to  the  last  accepted  extremum  of  different  type  (after  a 
minimum  was  accepted,  it  will  be  searched  for  a maximum  and  vice 
versa).  With  the  minimum  gray  value  difference,  a noise  rejection 
threshold  is  established.  With  the  found  extrema,  a steplike 
threshold  function  is  defined,  which  settles  at  the  mean  gray  value 
between  adjacent  extrema.  Comparison  of  this  function  with  the 
original  scan  line  then  yields  a binary  fringe  pattern.  The 
transitions  from  black  to  white  and  white  to  black  define  the 
positions  of  the  left  and  right  fringe  sides  (see  Fig.  3a).  This 
method  is  fast  and  quite  robust  and  works  well  even  on  fringe  fields 
with  abrupt  changes  in  image  brightness,  fringe  density,  and  contrast. 
The  value  of  the  acceptance  threshold  is  not  critical  and  may  usually 
be  varied  in  a wide  range  without  affecting  the  segmentation.  Also 
the  recognized  fringe  positions  do  not  depend  on  the  actual  value  of 
the  acceptance  threshold.  In  images  with  a known  modulation  variation 
a spatially  dependent  acceptance  threshold  may  be  used  [20], 


An  example  of  the  segmentation  applied  to  a typical  lnterferogram 


is  shown  in  Fig.  3b.  The  actual  intensity  of  a part  of  the  scan  line 
is  plotted  as  a solid  line  and  the  extracted  fringe-positions  (left 
and  right  sides)  are  shown  as  dotted  lines. 

A program  featuring  the  one-dimensional  evaluation  digitizes  and 
preprocesses  an  interferogram  and  does  a fringe  segmentation  along  a 
line  or  a set  of  lines  through  the  field  of  view.  The  result  of  the 
segmentation  procedure  (a  binary  fringe  pattern)  is  written  back  to 
the  image  screen  for  monitoring  reasons  (see  Fig.  3c, d).  The  user 
may  interactively  change  the  acceptance  threshold  or  edit  the 
segmented  cross  section  in  heavily  distorted  regions  before  he 
continues  to  the  numbering  section.  The  cursor  can  be  moved  to  each 
part  of  the  segmented  line,  and  fringe  numbers  may  be  assigned 
interactively  by  various  commands.  The  task  of  assigning  fringe 
numbers  is  supported  by  color  coding  the  black  parts  of  the  fringes 
which  shows  whether  the  fringe  order  function  increases  or  decreses  by 
one,  or  if  a discontinuity  is  present  between  adjacent  fringes.  The 
resulting  fringe  order  function  may  also  be  plotted  onto  a graphic 
terminal. 

A postprocessing  program  merges  all  the  data  taken  from  different 
enlarged  portions  of  an  interferogram  (as  shown  in  Fig.  3c, d)  and 
uses  a spline-approximation  to  interpolate  between  the  fringes.  The 
left—  and  right-side  coordinates,  or  the  middle  of  the  white  or  black 
parts  of  the  fringes  may  be  taken  as  nodes  for  the  spline 
approximation.  To  allow  discontinuities  in  the  fringe-order  function, 
a rational  spline  approximation  is  used.  The  type  of  approximation 
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here  may  be  changed  gradually  from  1st  order  to  3rd  order  polynomials 
using  a parameter  derived  from  the  slope  of  the  OPD-function 
(see  Fig.  3e). 


3.4.  Two  dimensional  interactive  processing 

Often  the  knowledge  of  only  a cross  section  across  the  field  of 
view  is  not  sufficient  to  interpret  a given  flow  problem,  but  the 
fringe  patterns  have  to  be  evaluated  over  the  whole  field  of  view.  To 
facilitate  the  two-dimensional  interferogram  evaluation,  additional 
algorithms  have  been  implemented  to  segment  fringes,  to  extract  each 
fringe's  coordinates  (trace  the  fringe  sides),  and  represent  the  whole 
fringe  field  as  a polygon  data  structure.  Methods  for  numbering  these 
line  fields  and  detecting  extraction  errors  have  been  developed.  With 
a two-dimensional  interpolation  scheme  fractional  fringe  order  numbers 
may  then  be  estimated  at  any  given  point  in  the  field  of  view.  The 
methods  for  two-dimensional  evaluation  will  be  discussed  in  the 
following  paragraphs.  Typical  execution  times  of  the  most  frequently 
used  modules  are  given  in  Table  1. 


3.4.1  Segmentation,  polygon  representation 

The  fringe  segmentation  in  the  two-dimensional  case  could  be  done 
using  the  same  one-d Lmenalonal  floating  threshold  method  as  described 
above  in  a sequential  manner  for  each  of  the  lines  of  an  image.  This 
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generally  works  well  for  fringe  fields  running  more  or  less 
perpendicular  to  the  scan-line,  however  it  may  fall  if  the  fringes 
have  significant  components  parallel  to  the  scan-line  and  noise  or 
background  modulations  are  present.  An  example  Is  shown  in  Fig.  4, 
where  the  floating  threshold  method  with  fixed  acceptance  treshold  has 
been  applied  to  a digitized  fringe  field  of  low  quality  in  Fig.  4a. 

The  resulting  binary  pattern  are  shown  after  the  technique  was  applied 
to  lines  (Fig.  4b)  or  to  columns  (Fig.  4c). 

A truly  2-dimensional  technique  would  be  to  subtract  the 
nonuniform  background  and  subsequently  apply  a thresholding  with  the 
mean  gray  value.  In  the  case  of  dual  reference  beam  holography  the 
background  correction  could  be  done  by  subtracting  a 180°  phase  shifted 
Interferogram  [14].  In  our  case  the  approximate  background  has  to  be 
derived  from  the  fringe  field  itself  by  a process  called  "very  low 
pass'*  filtering.  This  technique  was  also  used  in  [17],  each  pixel  was 
replaced  by  the  mean  gray  value  in  a relatively  large  window.  To  save 
computing  time  the  image  area  is  divided  into  meshes  of  suitable  size 
(e.g.  64  x 64  pixels)  and  the  mean  gray  values  are  estimated  in  these 

meshes.  A surface  approximation  is  then  constructed  by  bilinear 
Interpolation  between  the  gray  values  in  every  four  adjacent  mesh 
points.  The  discontinuities  at  the  mesh  boundaries  due  to  the 
bilinear  Interpolation  do  not  affect  the  segmentation.  This  surface 
Is  then  subtracted  from  the  original  interferogram  where  an  offset  of 
128  Is  added  to  all  pixels  to  avoid  negative  intensities.  An  example 
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of  the  background  subtraction  is  given  in  Fig.  4d.  A thresholding  at  level 
128  was  performed  after  subtracting  the  approximated  background  illumination, 
from  the  original  image  in  Fig.  4a.  The  background  was  constructed  on  a grid 
with  meshsize  64  x 64.  The  method  works  better  than  the  floating  thresholding 
in  most  parts  of  the  image,  but  doesn't  work  as  well  in  the  low  contrast  areas 
in  the  lower  middle  of  the  interferograra  and  in  the  region  of  the  shock.  In 
the  interactive  mode  all  the  above  mentioned  methods  may  be  combined  so  that 
each  one  works  on  the  whole  picture  or  in  selected  areas  only.  So  it  is 
possible  to  use  the  best  suited  method  for  each  part  of  the  image.  Fig.  4e 
shows  the  resulting  binary  pattern  after  combining  background  subtraction  with 
horizontal  and  vertical  floating  thresholding.  After  binarization,  binary 
smoothing  or  shrinking-expanding  operations  can  be  applied  to  reduce  pepper 
and  salt  noise  and  to  fill  in  broken  lines  or  truncate  line  artifacts  as  shown 
in  Fig.  4f . 

Coordinate  extraction 

After  applying  the  segmentation  procedures,  the  fringe  field  is 
transformed  into  a binary  tone  pattern.  In  some  applications  the  binary 
fringe  pattern  are  reduced  to  a line  representation  using  skeletonization 
techniques  (17-19],  giving  the  middle  of  the  black  (or  white)  fringes  as 
the  fringe  positions*  In  our  implementation  the  coordinates  of  the 
fringes  are  determined  at  the  transition  from  white  to  black 
(and  vice  versa)  giving  the  fringe  sides  as  the  equal  phase  lines.  A 
sequential  tracking  procedure  similar  to  a technique  used  in  [28]  is 
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used  to  trace  the  fringe  positions  line  by  line  from  the  top  to  the 
bottom  of  the  picture  to  represent  the  fringe  field  as  a polygon  data 
structure. 

To  reduce  the  amount  of  data  to  store,  a redundancy  reduction 
algorithm  [29]  is  activated  whenever  the  temporary  storage  buffer  of 
a certain  polygon  is  filled.  In  this  way  the  actual  polygon  is 
approximated  by  a subset  of  vertices  of  the  original  polygon  within  a 
certain  given  tolerance  range. 

If  a fringe  goes  outside  the  field  of  view  or  a background  object 
such  as  an  airfoil  resides  inside  the  fringe  field,  the  visible  part 
of  the  fringe  pattern  can  be  handled  by  using  the  points  on  the 
boundary  as  edges  of  the  fringes.  Of  course,  the  corresponding 
polygons  may  not  be  connected  along  the  boundary  of  the  background 
object  because  they  may  have  different  fringe  orders.  In  order  to 
establish  the  boundary  test  in  a quick,  easy  and  robust  manner,  it  is 
not  desirable  to  derive  the  boundary  information  from  the  fringe  field 
Itself.  Therefore,  the  geometry  of  the  test  region  (i.e.  the 
coordinates  of  the  boundary)  is  used  to  generate  a binary  valued  mask 
which  is  compared  pixel  by  pixel  with  the  actual  Interferograra.  The 
boundary  of  the  test  section  may  consist  of  a number  of  lines,  and  there 
may  be  several  foreground  areas  or  background  areas  Imbedded  in  the 
field  of  view.  The  actual  boundary  may  be  generated  from  the  known 
geometry  of  the  set-up  or  may  be  manually  entered  and  interactively 
drawn  onto  the  screen. 
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Fig.  5 shows  a typical  example  of  the  fringe  coordinate 
extraction.  An  Inter ferogram  (Fig.  5a)  Is  digitized  over  the  whole 
field  of  view  with  low  resolution.  The  white  lines  overlaying  the 
display  represent  the  extracted  fringe  sides,  while  the  black  line 
represents  the  border  polygon  which  was  Input  by  hand  before  the  coordinate 
extraction  In  order  to  mask  off  background  objects  and  the  part  of  the 
fringe  field  with  high  fringe  density  (In  our  implementation  all  the  graphic 
Is  In  color  and  therefore  easier  to  distinguish  from  the  displayed 
Image). 

The  coordinates  for  each  fringe  polygon  are  stored  in  such  an  order 
that  always  the  black  part  of  the  fringe  Is  to  the  right  of  the 
polygon.  This  has  some  advantages  when  erroneous  parts  of  the  fringe 
field  have  to  be  corrected  or  fringe  fields  have  to  be  combined. 

Lines  may  never  be  connected  in  a way  that  a “left"  fringe  side 
connects  to  a “right”  one  and  vice  versa  and  each  line  has  to  have  a 
neighbor  of  different  type. 

The  proposed  segmentation  with  subsequent  extraction  of  fringe 
sides  has  some  advantages  over  tracking  methods  which  follow  the 
intensity  minima  or  maxima  along  the  fringes  [23].  First  it  is  more 
accurate  because  the  fringe  sides  are  better  defined.  In  most 
practical  cases  the  fringe  pattern  are  sinusoidally  modulated  and  the 
fringe  sides  are  not  affected  as  much  by  noise  as  are  the  fringe 
extrema  due  to  the  maximal  slope  at  the  sides.  Another  reason  is  that 
the  method  works  well  independently  from  the  fringe  density  and  the 
fringe  contrast.  Tracking  methods  tend  to  lose  orientation  in  wide 
fringe  areas  and  are  unpredictable  if  the  contrast  is  varying,  because 
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they  tend  to  run  in  the  direction  of  maximal  or  minimal  intensities. 
Also  all  points  of  the  field  of  view  have  to  be  marked  in  order  to 
avoid  multiple  tracking  of  the  same  fringe  and  to  find  all  of  the 
fringes*  Because  in  the  fringe  side  detection  method  two  lines  per 
fringe  are  read  in  one  step,  the  accuracy  is  further  increased  over 
tracking  methods.  Another  point  is  that  the  resulting  line  structures 
are  of  simpler  type,  because  no  line  branchings  occur.  For  this 
application  tracking  methods  are  much  more  unpredictable  and  slower, 
and  too  much  intervening  action  would  be  necessary  to  use  them 
successfully. 

Enlarged  subsections 

As  was  discussed  before,  it  may  be  necessary  to  digitize  enlarged 
subsections  to  resolve  regions  with  high  fringe  densities.  The 
resulting  fringe  polygon  field  is  then  combined  out  of  all  the 
individual  digitized  and  processed  subsections,  starting  with  the  one 
with  highest  resolution.  To  handle  the  problem  of  partly  overlapping 
polygon  line  fields,  a boundary  polygon  is  maintained  for  each 
subsection.  This  defines  the  definition  area  for  each  fringe  polygon 
field.  Upon  combination  of  two  overlapping  fields,  the  border  polygon 
of  the  one  with  higher  resolution  (priority)  is  used  to  Intersect  the 
lines  of  the  other  field.  Both  line  fields  are  then  connected  at 
those  intersection  points.  The  new  border  polygon  is  the  border  of 
the  combined  areas. 
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Fig*  5b  shows  an  enlarged  digitized  part  of  the  lnterferogram 
as  in  Fig*  5a  with  the  extracted  fringe  polygons  overlaying.  Fig. 

5c  shows  a plot  of  the  resulting  polygon  field  which  was  combined  from 
the  lines  in  Fig.  5a  and  5b  and  two  other  enlarged  sections  not 
shown. 


3.4.2  Numbering,  Error  correction 

If  distortions  are  present  in  the  lnterferogram,  for  instance,  due 
to  diffraction  patterns,  or  there  is  insufficient  contrast,  or  the 
fringe  spacing  exceeds  the  system  resolution  as  in  shock  or 
boundary  regions,  disconnected  fringes  may  occur  and  thus  polygon 
segments  representing  fringes  of  different  order  may  be  connected.  An 
example  is  given  in  Fig.  6,  which  is  the  extracted  line  field  from 
Fig.  4f.  In  the  lower  middle  portion  of  the  lnterferogram  there  is  a 
distortion  of  the  fringe  field  due  to  a diffraction  pattern,  while  in  the 
lower  right  portion  the  lines  are  not  resolved  in  the  shock  region. 

In  general,  local  Information  obtained  from  the  close  surrounding 
of  these  areas  is  insufficient  to  solve  the  problems,  instead  global 
knowledge  about  the  entire  fringe  field  is  necessary.  A complete 
correction  of  all  the  incorrectly  linked  polygon  segments  may  be 
performed  only  during  the  fringe  numbering.  However,  an  error 
correcting  scheme  may  be  applied  before  starting  the  numbering 
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procedure*  It  uses  the  geometric  parameters  of  the  lines  to  detect 
suspicious  lines.  These  are  the  shape  features  e.g.  circularity 
(enclosed  area  divided  by  the  perimeter  squared),  the  distance  of  the 
polygon  end  points  and  the  angles  between  polygon  segments. 

A fringe  numbering  scheme  has  to  Introduce  the  known  numbering 
criteria  Into  an  algorithm.  They  are:  (l)  the  fringe  number 
difference  of  neighboring  fringes  must  be  zero  or  one,  (2)  fringes  of 
different  order  do  not  Intersect  or  touch  each  other,  (3)  fringes  do 
not  end  Inside  the  field  of  view  unless  they  are  circular  fringes,  and 
(4)  the  fringe  number  differences  Integrated  along  a closed  line 
through  the  interferogram  yield  always  zero.  Furthermore  the  a priori 
known  properties  of  the  actual  object  have  to  be  included. 

Different  schemes  have  been  developed  to  number  various  kinds  of 
fringe  fields  [20,21). 

One  scheme  suitable  for  the  numbering  of  erroneously  extracted  line 
fields  shall  be  described  in  some  detail.  The  idea  of  the  scheme  is 
based  on  the  fact  that  in  general  there  are  only  a few  locations  which 
cover  a small  area,  in  which  the  fringe  lines  are  falsely  extracted, 
while  the  line  field  In  most  parts  of  the  interferogram  is  represented 
correctly.  The  interferogram  is  divided  into  rectangular  segments  by 
a grid  with  suitably-sized  meshes.  The  line  segments  Inside  the 
meshes  are  now  numbered  mesh  by  mesh,  starting  at  the  mesh  with  the 
maximal  number  of  line  segments  and  with  a minimal  number  of  inversion 
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points  of  fringe-counting  (e.g.  a mesh  containing  parallel  lines). 

The  algorithm  now  looks  for  the  adjacent  meshes  in  which  the  numbering 
can  continue,  l.e.  which  have  at  least  two  consecutive  already 
numbered  line  segments  at  their  common  grid  line.  From  these  meshes, 
the  one  showing  the  best  conditions  is  chosen.  If  the  line  numbering 
of  the  actual  mesh  is  not  in  accordance  with  the  numbering  of  the 
adjacent  meshes,  it  is  put  back  and  handled  later.  In  this  way,  the 
meshes  containing  disconnections  are  processed  after  all  other  meshes 
have  been  numbered.  The  numbering  scheme  now  tries  to  number  the  line 
segments  inside  the  erroneous  meshes  using  the  numbers  already  known 
in  the  neighboring  meshes.  If  a line  has  to  get  different  numbers,  it 
is  cut  into  two  segments  at  the  position  where  the  angle  between 
adjacent  polygon  segments  is  minimal.  Another  option  is  to  cut  at  a 
position  where  a surface  approximation  onto  the  numbered  polygon 
points  exceeds  a difference  of  more  than  a half  order  to  a point  of 
the  actual  line  to  be  cut. 

The  procedure  assigns  relative  fringe  numbers.  The  absolute  fringe 
order  and  direction  of  increase  has  to  be  specified  at  one  location  in 
the  field  to  adjust  the  other  numbers. 

As  an  example  of  a relatively  complex  fringe  pattern  with  respect 
to  numbering.  Fig.  7 shows  the  fringe  lines  of  an  interferogram  of  a 
membrane*  The  numbering  grid  is  overlayed.  The  encircled  numbers 
denote  the  order  in  which  the  meshes  were  processed  by  the  algorithm. 
Note  that  the  algorithm  tends  to  number  parts  of  the  fringe  field 
consisting  of  similar  running  lines  in  a monotonous  manner.  This  is 


394 


the  most  basic  rule  used  for  fringe  numbering,  derived  from  the  fact, 
that  most  physical  object  functions  are  monotonous  and  smooth  in  most 
areas  of  the  field  of  view*  If  the  fringe  fields  would  not:  fulfil 
this  basic  requirement,  a fringe  numbering  without  further  knowledge 
of  the  physical  properties  of  the  object  would  actually  be  impossible* 
Fig#  8 shows  the  numbering  grid  used  for  numbering  the  line  field 
in  Fig#  6#  The  meshes  containing  the  shock  and  the  distorted  area 
are  detected  by  the  algorithm  because  of  their  high  number  of 
inversion  points#  They  are  numbered  after  all  other  meshes  have  been 
processed#  So  the  lines  which  could  not  be  numbered  uniquely  will  be 
cut  somewhere  in  the  mesh.  The  position  where  this  is  done,  however, 
may  not  be  the  correct  one#  Often  fringes  of  different  order  are 
connected  through  a shock  without  any  indication  of  the  existence 
of  jthe  shock  (see  e.g.  Fig.  6).  In  this  case,  the  area  where  the 
shock  appears  may  be  masked  off  by  hand  editing  before  starting  the 
numbering  (see  Fig.  8). 

In  the  edit  mode,  the  fringe  polygon  fields  may  also  be  numbered 
manually  by  drawing  a test  line  into  the  line  field  and  numbering  the 
intersected  fringe  lines  by  several  commands  using  the  cursor.  Also 
all  lines  may  be  modified  manually  in  the  interactive  edit  mode  before 
starting  the  numbering  or  the  post  processing. 
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3.4.3  Interpolation 


After  numbering  the  fringe  lines,  the  OPD-f unction  is  defined  at  a 
set  of  contour  lines,  but  most  of  the  mathematical  transformations  to 
follow  require  Interpolation  of  fractional  fringe  order  numbers.  Some 
methods  for  Interpolation  between  random  points  on  a surface  have  been 
discussed  in  (30)  . An  algorithm  best  suited  in  regard  to  computation 
time  as  well  as  numerical  representation  seems  to  be  a local 
distance-weighted  polynomial  least  squares  approximation.  At  a given 
point  (a,b)  the  coefficients  of  a two-dimensional  polynomial  of  second 
order 


2 2-k 

p(x.y)  “I  I ckl  (x-a)k  (y-b)1 
k-0  1-0 


are  estimated  to  minimize  the  quadratic  form 


(4) 


N 

Q " 1 (p(xr,yr)  " zr^  w((xr-a)2  + (yr-b)2)  - Min.  (5) 

r-1 

where  w(d2)-exp(-kd2)  is  a weighting  function,  which  gives  more  weight 
to  the  data  points  (xr,yr)  having  a shorter  distance  d to  the  point 
(a,b)  than  the  more  distant  points.  The  additional  advantage 
is  that  more  distant  points  may  be  ignored  in  the  computation.  The 
solution  of  equation  (5)  Is  performed  by  solving  a system  of  linear 


equations  (Gauss's  mot  hod).  The  parameter  k in  the  weighting  t unction 
is  chosen  according  to  the  local  data  point  density.  The  whole  triune 
field  may  be  represented  with  the  polygon  coellicients  calculated  on  a 
regular  grid.  If  a smooth  approximation  of  the  OPD-sur I ace  is  desired 
a two-dimensional  spline  function  may  be  defined  at  the  meshes  of  a 
rectangular  grid  using  only  the  zero  and  tirst  order  coefficients  from 
the  previously  obtained  polynomials. 

An  advantage  of  using  a polynomial  representation  is  the  fact  that 
an  extrapolation  of  the  fringe  field  is  possible  into  regions  blocked 
by  background  objects.  As  an  example  Fig.  9 shows  an  interpolated 
cross  section  through  the  numbered  polygon  field  of  Fig.  Sc  at  z*e/3. 
Note,  that  the  left  side  of  the  line  is  extrapolated  over  a region  of 
the  interf erogram  blocked  off  by  the  rotor  system. 


4 . Reconstruct  ion 


A number  of  reconstruction  algorithms  such  as  Fourier  transform 
methods,  back-projection  methods,  and  iterative  methods  are  covered  in 
the  literature  (see  for  instance  131]).  Here  a convolution 
backproject ion  algorithm  with  a filter  function  proposed  in  (32]  was 
chosen,  because  it  generally  gives  good  results,  is  easy  to  implement, 
and  is  very  efficient.  The  convoluted  back- project  ion  is  given  as 
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TT  » 

gB(**y>  " / / N<fc(S)  * F-1  { | r | > <5(xsin<|>  + ycos*  - £)  d£  d<f>  (6) 

0 — 

where  gB(x,y)  Is  the  reconstructed  field  function  in  a horizontal 
plane  (z*const),  N^(£)  are  the  cross  sections  through  the  fringe 
order  function  at  angles  $ to  be  convolved  with  the  inverse 
Fourier  transform  of  the  abs-function.  The  integration  of  the 
convolved  "projections”  is  done  along  the  lines  1.^(0  which  are 
expressed  as 

6(xsln$  + ycos^  - £)  (7) 

and  over  all  the  projections  <>. 

Fig.  10a  shows  a reconstruction  of  the  flow  field  in  a plane 
8.28  percent  chord  above  the  blade  obtained  from  the  experimental  data 
at  41  views  for  the  angular  interval  from  8 to  40  and  from  140  to  186 
degrees  in  two  degree  intervals.  The  missing  views  are  presumed  to  be 
zero  (those  interferograms  have  only  a few  or  no  fringes  and  were  not 
evaluated).  The  resolution  in  the  plane  is  101  x 101  points,  101  rays 
were  used  in  the  projection  data  at  each  view  (see  Fig.  9).  The  time 
required  for  a reconstruction  from  41  projections  with  101  rays  at  a grid  of 
101  x 101  points  Is  approximately  24  sec.  CPU  tine  on  a VAX  11/780. 
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The  reconstruction  gives  a map  of  the  refractive  Index  In  the 
plane.  Because  the  refractive  Index  of  gases  Is  proportional  to  the 
density  p (Gladstone-Dale  relation) 

P/Po  - (n  - 1)  / (n0  - 1)  <8> 

the  density  may  directly  be  calculated.  Other  flow  properties  as 
pressure  may  be  obtained  by  assuming  Isentropic  flow.  The 
perturbation  velocity  is  derived  by  application  of  a form  of  the 
energy  equation  to  the  blade  fixed  flow  problem. 

The  lines  in  Pig.  10a  are  contour  lines  of  the  perturbation 
velocity.  This  result  may  be  compared  to  a cross  section  through  a 
numerically  obtained  solution  133]  which  is  shown  in  Fig.  10b.  The 

4 

basic  features  of  the  flow  field,  the  shock  position,  and  the  amplitudes  are 
very  well  confirmed.  A slight  difference  appears  in  the  velocity  profiles 
across  the  chord  in  the  tip  region  of  the  blade  which  can  possibly  be 
attributed  to  a lambda-shock,  which  can  not  be  predicted  by  the  nonviscous, 
potential  numerical  code. 

A more  detailed  discussion  of  the  reconstruction  results  and  a 
comparison  with  hot  wire  and  pressure  measurements  is  given  in  l 34], 
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5.  Conclusions 


The  features  of  an  image  processor  based  system  for  interferogram 
analysis  have  been  described.  The  system  contains  algorithms  for  all 
steps  of  digital  interferogram  processing  from  image  processing 
techniques  such  as  digitization,  enhancement,  segmentation  to  graphic  data 
processing  techniques  such  as  fringe  coordinate  extraction,  merging  of  line 
fields,  error  correction,  fringe  numbering,  and  approximation 
techniques  for  interpolation  of  2-D  fringe  fields.  All  the  modules 
may  be  called  interactively  and  editing  features  are  available  to 
process  interferograms  even  if  they  are  of  poor  quality.  The 
interactive  modes  are  fully  supported  by  graphic  visualization.  An 
application  to  the  reconstruction  of  a 3-D  flow  field,  which  was 
recorded  by  holographic  interferometry  at  several  views  around  the 
field,  was  given.  It  showed  that  the  evaluation  of  the  intejferograms 
could  be  considerably  improved  and  accelerated  by  the  digital 
techniques  compared  to  manual  evaluation.  The  full  analysis  of  the 
flow  field  under  investigation  would  hardly  have  been  possible  if  the 
data  had  to  be  analysed  manually. 

However,  in  the  described  implementation  some  information  has  to  be 
input  manually  even  for  interferograms  of  good  quality.  These  are  the 
geometric  reference  points,  the  decision  whether  blown  up  subsections 
should  be  digitized,  choosing  of  an  optimal  enlargement  factor, 
entering  of  background • border  polygons,  and  a reference  number  for  the 
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fringe  numbering*  In  order  to  use  this  system  in  a standard  test 
facility  the  interactive  action  can  he  further  reduced  hv  using  the 
sain*4  information  for  series  of  Interforogr.ims  taken  under  similar 
conditions* 
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Table  1.  Execution  times  of  some  Hardware-  and  Software-modules 


Function 


approx.  CPU  time 


Digitization,  Look-Up-Tahlc  operations  1/30  sec 

Averaging  over  N frames  N/30  sec 

Convolutions^  (k*kernel  elements)  K/30  sec 

Binary  operations  (smoothing,  shrinking,  expanding)  K/30  sec 

Subtraction  of  approximated  background  16  sec 

Application  of  floating  threshold  method  14  sec 

Extraction  of  fringe  coordinates*  30  sec 

Merging  of  line  fields*  10  sec 

Numbering,  error  correction*  10  sec 

Interpolation*  (comp,  of  coefficients  per  polynom)  0.05  sec 


^)  For  Image  processor  equipped  with  three  memory  pages 

*)  Times  depend  on  the  complexity  of  the  image  and  the  number  of  fringes. 
The  times  given  are  for  a typical  example  like  Fig.  5 
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F igures 


Fig.  1 Top  view  of  the  holographic  set-up  with  sample 
interf e rograms  taken  at  different  angles 

Fig.  2 Sketch  of  the  image  processing  hardware 

Fig.  3 Example  of  one-dimeuional  processing 

3a  Floating  threshold  fringe  segmentation 

3b  Demonstration  of  the  threshold  fringe  segmentation  on  a 
scan  line  of  an  actual  into rferogram 

3c  Digitized  inter ferogram  (182.3)  with  segmented  cross-sections 
superimposed 

3d  Evaluation  of  an  enlarged  section  of  the  same  i nter ferogram 
as  in  Fig.  3c 

3e  Fringe  order  function  along  cross  section  3 of  in te rf e rogram  182.5 
after  combination  of  several  enlarged  subsections  and  rational 
spline  interpolation 
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Fig.  4 Example  of  fringe  segmontaion,  hi nar i zat i on 


4a  Enlarged  digitized  subsection  of  inter ferogram  (184.5)  with 
superimposed  grid  of  meshes  of  size  64  x 64 

4b  Floating  threshold  method  applied  to  lines  of  Fig.  4a 

4c  Floating  threshold  method  applied  to  columns  of  Fig.  4a 

4d  Thresholding  after  background  subtraction,  computed  on  the 
grid  in  F ig.  4a 

4e  Combination  of  methods  h,c,  and  d 

4f  Result  after  binary  smoothing  and  shrinking  - expanding  operation, 
applied  to  Fig.  4e 

Fig.  5 Example  of  fringe  polygon  extraction  and  merging  of 
enlarged  digitized  subsections 

5a  Original  digitized  inter ferogram  (8.5),  extracted  fringe 

polygons  are  over  lay ed  in  white,  the  border  polygon  is  written 
in  black 

5b  Enlarged  digitized  part  of  the  same  I nto r f o rogram , 
extracted  fringe  polygons  are  overlayod 

5c  Plot  of  the  resulting  polygon  field  merged  from  6a  and  6h 
and  two  other  enlarged  sections  not  shown 
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Fig,  b Extracted  line  field  of  Fig.  4t  , showing  disconnected 

lines  in  an  area  disturbed  by  a diffraction  pattern  and  in 
a shock,  region 


Fig.  7 Fringe  numbering 

Example  of  a complex  fringe  pattern  with  several  minima 
and  maxima,  encircled  numbers  give  the  order  in  which  the 
meshes  were  processed 


tr*  i t-r 

1 ■ 


and  error  cc 


fid  d o i F i j 


numbering  grid 


Fig.  9 Interpolated  fringe  order  function  along  a cross-section 

at  z-c/3  through  the  numbered  line  field  of  Fig.  be , showing 
extrapolation  to  the  left.  The  symbols  mark  the 
coordinates  of  the  fringe  polygons  in  the  cross-section 

Fig.  10  Reconstruction  of  the  flow  tield  in  a horizontal  plane 
at  z/cK)  .0828  above  the  blade 

The  blade  rotates  clockwise,  leading  edge  is  at  x/c=0. 

(c  is  the  chord  length  of  the  blade,  Ro  is  the  blade  radius) 

10a  Perturbation  velocity  contours  in  tt/s  as  reconstructed  from 
cross-sections  through  41  inter  ferograins , at  1 U l x 101  points 

10b  Perturbation  velocity  contours  at  the  same  height  above 
the  blade  as  given  by  a numerical  solution  ot  the  flow 
probl em 
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The  Fringe  Reading  Facility  at  the 
Max-Planck-Institut  fur  Stromungsforschung 


/03  <■/£>/ 


F . Becker , G . E . A . Me ier , H . We  gner , R . Timm , R . We ns ku  s 


Max-Planck-Institut  fur  Stromungsforschung, Gottingen, W. Germany 


1 ) Optical  equipment 


A Mach-Zehnder-interferoineter  is  used  for  optical  flow  measurements 
in  a transonic  wind  tunnel.  The  duct  width  is  100  mm.  The  light 
source  is  a spark  chamber  (Impulsphysik) . High  speed  recordings  can 
be  made  with  a rotating  drum  camera  at  a frame  rate  of  10  kHz  or  with 
a rotating  prism  camera  (Fas tax)  at  frequencies  up  to  8 kHz.  Periodic 
processes  are  frequently  investigated  by  taking  single  pictures  trig- 
gered by  a controlling  computer  at  a certain  phase. 


Holographic  interferograms  are  reconstructed  by  illumination  with  a 
He-Ne-Laser  and  viewed  by  a video  camera  through  wide  angle  optics. 
This  setup  has  been  used  for  investigating  industrial  double-exposure 
holograms  of  truck  tires  in  order  to  develop  methods  of  automatic  re- 
cognition of  certain  manufacturing  faults. 


A Zeiss  microscope  used  in  conjunction  with  a Mirau  interference  dev- 
ice has  been  used  for  studying  membrane  oscillations. 


2)  Computer  hardware  (Fig.l) 


Automatic  input  is  achieved  by  a transient  recorder  (Biomation  S8100) 
digitizing  the  output  of  a TV-camera  and  transferring  the  digitized 
data  to  a PDP11-34*  Generally,  a resolution  of  512x512  pixels  with 
8 bit  gray  levels  is  used. 

A graphic  tablet  and  a graphic  terminal  are  connected  to  the  system  to 
provide  manual  input. 

Preprocessing  of  the  images  and  fringe  extraction  are  done  with  the 
PDP11-34. 

Connections  exist  to  a VAX1 1-750  which  is  used  for  more  complex  and 
time-consuming  routines  like  fringe  numbering  or  polynomial  approxima- 
tion and  also  to  an  array  processor  (Floating  Point  Systems  API 20) 
used  for  FFT  routines. 

An  image  processing  system  (Imaging  Technologies  IP512)  will  partially 
replace  the  PDP11-34  and  speed  up  image  preprocessing. 
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The  image  processing  routines  mentioned  above  are  described  in  refs. 

1,2. 


3)  Current  activities  and  plans 


For  some  time  the  interest  of  our  group  has  centered  around  sequences 
of  interferograms  showing  the  interaction  of  vortices  with  a profile 
and  subsequent  emission  of  sound  generated  by  this  process.  Figure  2 
shows  two  examples  of  this  process;  the  experiment  was  performed  with 
a NACA  0012  profile  at  Mach  0.8.  These  studies  are  of  interest  with 
respect  to  investigating  the  causes  of  helicopter  rotor  noise  (ref . 

3). 

For  better  time  resolution  a higher  photographic  . frequency  will  be 
needed.  This  problem  may  be  solved  by  using  a LED  light  source  with  a 
frequency  up  to  100  kHz  as  compared  with  the  8-10  kHz  achieved  with 
the  spark  lamp  used  until  now. 

Furthermore , evaluation  is  rendered  somewhat  difficult  by  the  compli- 
cated structure  of  the  interferograms,  for  example  by  the  appearance 
of  shock  fronts.  At  present,  routines  for  automatic  recognition  of 
vortices  and  shock  fronts  are  being  developed.  Ultimately,  the  objec- 
tive will  be  the  extraction  of  quantitative  data  which  relate  to  the 
emission  of  noise. 
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ABSTRACT 

A new  ART  code  based  on  the  iterative  refinement  method  of  least 
squares  solution  for  tomographic  reconstruction  is  presented.  Accuracy 
and  the  convergence  of  the  technique  is  evaluated  through  the  applica- 
tion of  numerically  generated  interferometric  data.  It  was  found  that, 
in  general,  the  accuracy  of  the  results  were  superior  to  other  reported 
techniques.  The  iterative  method  unconditionally  converged  to  a solu- 
tion for  which  the  residual  was  minimum.  The  effects  of  increased  input 
data  error,  limited  total  viewing  angle,  and  reduced  number  of  input 
data  were  studied.  The  inversion  error  was  found  to  be  only  a function 
of  the  input  data  error.  The  convergence  rate,  on  the  other  hand,  was 
affected  by  all  three  parameters.  Finally,  the  technique  was  applied  to 
experimental  data  and  results  reported. 


Key  Words:  Tomography,  Interferometry,  holography,  image  reconstruction 
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I.  INTRODUCTION 


During  recent  years,  image  reconstruction  techniques  have  been 
successfully  applied  to  several  fields  such  as  medicine,  astronomy, 
electron  microscopy,  nuclear  magnetic  resonance,  geophysics  and  optical 
interferometry.  An  extensive  review  can  be  found  in  Reference  1. 

In  1964,  prior  to  the  development  of  optical  holography  the 
axially  symmetric  density  field  had  been  reconstructed  by  using  the 
inversion  of  Abel's  integral  equation^.  Under  symmetry  conditions  the 
Radon  transform  reduces  to  the  Abel  equation.  Since  1965,  holographic 
interferometry  has  been  applied  to  aerodynamics,  heat  transfer  and  com- 
bustion problems.  These  developments  are  discussed  in  detail  by 
Vest(3^. 

There  are  several  difficulties  associated  with  the  reconstruction 
of  phase  objects: 

(a)  No  sharp  boundaries  can  be  defined  for  phase  objects.  The 
definition  of  the  reconstruction  region  is  based  on 

a priori  information  about  the  flow  field.  In  general,  the 
contribution  of  the  phase  object  outside  the  reconstruction 
zone  is  assumed  to  be  negligible. 

(b)  Relatively  large  errors  are  present  in  the  interferometry 
data.  The  optical  path  differences  are  recorded  as  inter- 
ference fringes.  The  accuracy  of  the  fringe  data  ordinar- 
ily may  not  be  better  than  1/2  of  the  fringe  spacing.  In 
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addition,  for  an  unsymmetric  density  field,  the  number  of 
fringes  for  each  projection  varies  for  different  view 
angles  resulting  in  a nonuniform  data  set.  The  ideal  pro-- 
jection  data  is  a set  of  non-overlapping,  equally  spaced, 
parallel  rays  covering  the  whole  reconstruction  region. 

(c)  Only  the  relative  phase  shift  of  the  projection  can  be 

measured  by  the  interferogram  data.  There  is,  therefore,  a 
possibility  of  incorrect  identification  of  fringe  numbers. 
This  results  in  a set  of  "slightly”  inconsistent  data. 

The  mathematical  reconstruction  method  employed  in  such  cases 
should  not  be  overly  sensitive  to  the  "noisy"  or  inconsistent  data. 

Although  the  Radon  transformation 

+» 

£(p,0)  * //  n(x,y)6[p  -xcos(0)-  ysin(8)]dxdy  (1) 

—CO 

provides  a rigorous  solution  to  the  problem  of  reconstruction  from 
projections,  the  solution  is  uniquely  determined  only  by  an  Infinite  set 
of  perfect  projections.  Here,  l is  the  optical  path  length,  n is  the 
refractive  index,  6 is  the  Dirac  delta  function,  6 is  the  projection 
angle,  p is  the  coordinate  along  the  projection  plane,  and  x and  y are 
the  coordinates  describing  the  reconstruction  region.  In  practical 
problems,  the  discrete  nature  of  projection  data  and  the  unavoidable 
measurement  errors  may  result  in  the  failure  of  reconstruction. 
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In  this  paper,  the  iterative  refinement  method  of  least  squares 
solution  for  tomographic  interferometry  is  discussed.  A complete  set  of 
computer  codes  for  density  reconstruction  from  holographic  interfero- 
grams  was  made.  The  effects  of  projection  number,  limited  viewing  angle 
and  the  measurement  error  on  the  reconstructed  image  are  determined 
through  numerical  experimentation.  The  flow  field  around  the  tip  region 
of  a revolving  helicopter  rotor  blade  was  reconstructed  from  40  inter- 
ferograms.  The  results  of  the  reconstructed  density  field  are  pre- 
sented. 


II.  ITERATIVE  REFINEMENT  METHOD  OF  LEAST  SQUARE  SOLUTION 

In  principle,  the  ART  (algebraic  reconstruction  technique)  algo- 
rithms are  the  schemes  for  solving  a large  system  of  linear  equations. 
The  reconstruction  region  is  divided  into  a square  grid  (M  =*  m x m cell) 
and  the  refractive  index  within  each  cell  or  pixel,  n^ j , is  assumed  con- 
stant. The  Radon  transformation  then  reduces  to  a set  of  discrete 
linear  equations 

m m 

l l w (p,0)  n - L(p,0)  (2) 

i-1  j=l  1J  1J 

where  W^j(p,9)  are  weight  factors  determined  from  geometric  relations. 

It  should  be  noted  that  only  those  factors  associated  with  pixels 
through  which  the  projection  ray  passes  are  nonzero.  For  k different 
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projection  angles,  each  having  n nonoverlapping  and  equally  spaced 
parallel  rays,  the  number  of  equations  N,  is  given  by  N * k x n. 

Equation  (2)  can  be  written  in  the  form 

C X + L * 0 (3) 

where,  L and  X are  N and  M dimensional  vectors  respectively,  and  C is 
the  coefficient  matrix  with  N X M elements.  Equation  (3)  can  be  trans- 
formed into  a symmetric,  positive  definite,  NORMAL  EQUATION  given  by 

CT  L + CT  C X - 0 (4) 

In  practice,  due  to  measurement  errors  and  other  inconsistencies. 
Equation  (3)  becomes 

R - C X + L (5) 

where  R is  the  residual  vector.  An  approximate  solution  is  sought  for 

which  the  Euclidean  norm  of  the  residual  vector  HRl  is  minimum.  The 

Euclidean  norm  is  defined  as  IRI  “ vT  R. • R . • The  solution  of  the 

i 1 1 

normal  equation  gives  the  standard  least  square  solution  of  (3). 

Procedures  for  obtaining  solutions  to  a large  system  of  linear 
equations  can  be  found  in  a number  of  different  scientific  areas.  Iter- 
ative techniques  have  been  widely  used.  It  begins  with  an  initial  esti- 
mate and  then  it  repeatedly  modifies  the  estimate  until  some  threshold 
condition  is  satisfied.  There  are  different  ways  to  modify  the 
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estimate.  The  effectiveness  of  a method  depends  on  the  matrix 
character.  Considering  the  features  of  matrix  C (large  and  sparse)  and 
relatively  large  measurement  errors,  the  method  of  CONJUGATE  GRADIANTS 
is  found  to  be  applicable  for  image  reconstruction. 

The  computer  procedures  of  conjugate  gradiant  method  are  as 


follows: 

Initial  vector 

k - 0:  X(0)  - 0;  R(0)  - L (6) 

For  iterative  number  k * 1,2... 

r(k-l)  = CTR(k-l)  (7) 

s(k)  = - r(k-l)  for  k - 1 

s(k)  =*  - r(k-l)  + s(k-l)lr(k-l)l/lr(k-2)lfor  k > 1 (8) 

q(k)  = C s(k)  (9) 

X(k)  = X(k-l)  + s ( k ) n r ( k—  l)B/ltq(k)ll  (10) 

R(k)  = R(k-l)  + q ( k ) II  r ( k—  1 ) B /lq(k)J  (11) 


The  matrix  C has  only  five  percent  nonzero  elements.  It  can  be 
stored  permanently  or,  in  the  case  of  limited  storage  capacity,  may  be 
computed  according  to  a simple  geometric  relation  for  every  ray.  The 
vectors  that  must  be  stored  are  X,  R,  s,  and  q.  Accordingly,  a proce- 
dure written  in  PASCAL  running  under  CPM-86  with  MT+86  compiler  has  been 
written.  This  procedure  runs  on  IBM  PC  microcomputer,  and  is  limited  to 
20  x 20  mesh  size. 
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It  can  be  proven^^  that:  The  norm  of  the  residual  vector  R 

decreases  with  increasing  iteration  number*  Thus,  in  principle,  this 
code  is  a technique  minimizing  the  residual  R to  the  level  determined  by 
the  inherent  errors  associated  with  the  computer  truncation  and 
measurement  data.  Therefore,  the  final  reconstruction  accuracy  is 
determined  by  data  noise.  Here  the  errors  associated  with  the 
measurement  of  the  optical  path  length  (fringe  lines)  are  the  major 
attributor  to  the  data  noise. 

To  evaluate  the  characteristics  of  the  developed  tomography  code, 
a numerically  generated  density  field.  Figure  la,  was  used  as  the  input 
for  the  numerical  test.  It  represents  the  calculated  air  density  dis- 
tribution over  the  tip  region  of  the  rotor  blade  in  a plane  above  the 
blade  The  distribution  of  the  refractive  index  variance, 

x ” (nQ-n),  is  calculated  and  shown  in  Figure  lb.  The  data  for  the 
integral  optical  length  difference  as  a function  of  ray  parameters,  9 
and  p,  was  generated  from  Equation  (2).  The  errors  associated  with 
optical  length  measurement,  encountered  in  real  tomography,  were 
artificially  added  to  the  fringe  data  file.  Fringe  round-off  errors  of 
±0.5,  ±0.05  and  ±0.005  were  used  here.  The  reconstruction  code  was 
parametrically  evaluated  for  different  numbers  of  equations  and  total 
viewing  angles.  The  numerical  test  matrix  is  shown  in  Table  1. 

Figure  2 shows  the  reconstructed  field  for  Case  1 after  different 
iterations.  The  overall  features  are  apparent  after  two  iterations  and 
further  refinement  of  the  solution  is  obtained  with  additional  iterations. 
The  total  reconstructed  error,  Rf,  is  also  noted  on  Figure  2.  Here,  the 
reconstruction  error  is  defined  as 
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(12) 


Rr  myj\  E ^Xlj,in  “ Xij,reJ  7 \ ^ txij,iJ2 

where  and  *£jtrec  are  input  and  reconstructed  refractive  index 

variances,  respectively. 

The  dependence  of  the  residual  vector  norm  on  the  number  of  iter- 
ations for  Cases  1 to  7 of  Table  1 is  shown  on  Figure  3.  Figures  4,  5 
and  6 demonstrate  the  effects  of  fringe  number  round-off  error  and  view 
angle  range  on  the  reconstruction  error.  From  these  and  other  numerical 
experimentations,  the  following  conclusion  may  be  drawn: 

• The  convergence  rate  is  increased  as  the  projection  ray  number, 

N,  is  Increased.  The  corresponding  Inversion  error  for  a suffi- 
cient number  of  iterations  is,  in  general,  independent  of  N. 

• The  normal  of  the  residual  vector,  R,  in  all  cases,  uncondition- 
ally converges  to  a limit  which  is  a strong  function  of  the  input 
data  error.  The  resulting  error  for  the  first  few  iterations  is 
independent  of  the  input  data  error.  However,  for  more  accurate 
input  data,  additional  iterations  result  in  more  accurate 
results.  This  underlines  the  importance  of  the  accuracy  of  the 
data  set.  It  also  proposes  a guideline  for  determining  the  maxi- 
mum number  of  iterations  based  on  the  rate  of  change  of  the 
residual. 
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Finally,  limited  look  angles,  (>30°)  do  not  have  a significant 
effect  on  the  convergence  rate  or  the  accuracy  of  the  recon- 
structed data.  Acceptable  results  were  obtained  for  a total  view 
angle  of  30°.  Care  must  be  taken  to  ensure  that  sufficient 
information  is  recorded  on  the  interferograms  when  the  view  angle 
limitations  are  imposed. 


III.  THE  PROCEDURE  FOR  PROCESSING  EXPERIMENTAL  DATA 


Figure  7 shows  the  holographic  interferometry  arrangement  at  the 
AVRADCOM  Laboratory  of  NASA  Ames  for  studying  the  flow  around  a 
revolving  helicopter  blade. The  coordinate  system  (x,y)  is  wing- 
fixed  (x-s panwise,  y-chordwise).  The  projection  of  point  "A”  on  the 
wing  defines  the  origin  for  coordinate  p along  any  azimuthal  angle.  The 
photograph  of  a typical  interferogram  is  shown  in  Figure  8. 

Forty  interferograms  were  digitized  using  a Tektronix  4112  dis- 
play terminal  and  a graphic  tablet.  The  data  were  reduced  and  a map  of 
the  optical  path  as  a function  of  height  above  the  blade  was  developed. 
Data  at  each  elevation  and  for  all  viewing  angles  were  grouped  (Z-files), 
and  constituted  the  input  data  for  the  reconstruction  code. 

The  reconstructed  density  distribution,  (p/pQ),  produced  by  the 
tomographic  reconstruction  code  is  shown  in  Figures  9 & 10  for  the 
heights  z = 0.5,  1,  1.5  and  2 inches  (chord  C - 3 inches;  the  leading 
edge  of  the  blade  Y/C  = -0.5;  aspect  ratio  = 13.7).  The  optimum  number 
of  iterations  was  about  3 to  6 for  the  experimental  data.  The 
computation  time  on  an  IBM  PC  was  approximately  3 minutes  per  iteration. 
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IV.  DISCUSSION 


A new  ART  code  based  on  the  iterative  refinement  method  of  least 
square  solution  is  developed  for  tomographic  reconstruction  of  the 
three-dimensional  density  field.  The  features  of  the  technique  was 
investigated  using  numerically  generated  interferometry  data.  It  is 
shown  that,  in  general,  the  ART  code  used  here,  is  capable  of  recon- 
structing phase  objects  using  limited  viewing  angle  or  using  data  with 
relatively  large  errors. 

In  comparison  to  other  reconstruction  techniques,  it  is  believed 
that  it  is  possible  to  obtain  more  accurate  results  with  the  ART  code. 

For  similar  numerical  tests,  the  reconstructed  mean-square  error 
for  view  angles  of  ±90°  and  ±40°  were  reported  to  be  6.7%  and  11%, 
respectively,  when  the  convolution  back  projections  technique  was 
used. The  corresponding  values  for  Rr  become  26%  and  33%, 
respectively.  Similar  situations  were  examined  in  Cases  3 and  10  with 
Rr  at  only  3%  and  10%  for  20  iterations.  On  the  other  hand,  the 
computation  time  for  iterative  techniques  are  generally  higher  than  some 
other  techniques. 

An  important  feature  of  the  technique  is  that  with  limited  reso- 
lution (say,  20  x 20),  it  is  possible  to  repeatedly  use  the  same  code 
and  zoom  into  the  regions  surrounding  important  features  of  the  flow, 
and  hence,  reconstruct  the  flow  field  in  greater  detail.  For  this,  the 
input  data  for  the  subsequent  analysis  must  be  corrected. 

Finally,  a strong  feature  of  the  reconstruction  code  is  its  abil- 
ity to  accept  data  within  limited  view  angles.  The  density  field  of  the 
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numerically  generated  data  was  reconstructed  for  a total  view  angle  of 
30°  and  with  a final  error  of  10%.  This  result  is  extremely  important 
when  the  application  of  tomography  to  the  flow  field  within  a wind 
tunnel  is  considered. 
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TABLE  1.  THE  NUMERICAL  TEST  MATRIX 


CASE 

FRINGE  NUMBER 
ROUND  OFF  ERROR 

VIEW  ANGLE 
(degree) 

NUMBER  OF 
VIEWS 

NUMBER  OF 
POINTS  PER  VIEW 

i 

0.005 

0 

• • 

180 

61 

20 

2 

0.005 

0 

• • 

90 

61 

20 

3 

0.005 

0 

• • 

180 

31 

20 

4 

0.050 

0 

• • 

180 

61 

20 

5 

0.050 

0 

• • 

180 

31 

20 

6 

0.500 

0 

• • 

180 

61 

20 

7 

0.500 

0 

• • 

180 

31 

20 

8 

0.005 

-75 

• • 

75 

31 

20 

9 

0.005 

-60 

• • 

60 

31 

20 

10 

0.005 

-45 

• • 

45 

31 

20 

11 

0.005 

-30 

• • 

30 

31 

20 

12 

0.005 

-15 

• • 

15 

31 

20 

13 

0.050 

-75 

• • 

75 

31 

20 

14 

0.050 

-60 

• • 

60 

31 

20 

15 

0.050 

-45 

• • 

45 

31 

20 

16 

0.050 

-30 

• • 

30 

31 

20 

17 

0.050 

-15 

• • 

15 

31 

20 
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Figure  1.  Numerically  generated  density  and  refractive  index  distribution. 
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Reconstructed  field  of  refractive  index  variance  (n  -n)  for  Case  1. 
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Figure  3.  Residual  vector  norm  vs.  iterative  number  for  Cases  1-7. 
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Figure  4.  Inversion  errors  vs.  iterative  number  for  Cases  1-7. 
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Figure  5.  Inversion  errors  vs.  iteration  number  for  different  view  angles 
(fringe  number  round-off  error  “ 0.005  A). 


Rr% 


455 


(fringe 


Figure  7.  Rotating  blade  tip  region  and  the  coordinates. 
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Interferogram  of  flow  over  a rotating  blade,  0 ==  176, 
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Figure  9.  Reconstructed  density  fields  for  different  heights  above 
blade  chord  line. 
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ABSTRACT 


This  paper  examines  the  aero-optical  effects  associated  with  prop- 
agating a laser  beam  through  both  an  aircraft  turbulent  boundary  layer 
and  artificially  generated  shear  layers.  The  data  present  comparisons 
from  observed  optical  performance  with  those  inferred  from  aerodynamic 
measurements  of  unsteady  density  and  correlation  lengths  within  the 
same  random  flow  fields.  Using  optical  instrumentation  with  tens  of 
microsecond  temporal  resolution  through  a finite  aperture,  optical  per- 
formance degradation  was  determined  and  contrasted  with  the  infinite 
aperture  time  averaged  aerodynamic  measurement.  In  addition,  the  opti- 
cal data  were  artificially  clipped  to  compare  to  theoretical  scaling 
calculations.  Optical  instrumentation  consisted  of  a custom  Q switched 
Nd:Yag  double  pulsed  laser,  and  a holographic  camera  which  recorded  the 
random  flow  field  in  a double  pass,  double  pulse  mode.  Aerodynamic 
parameters  were  measured  using  hot  film  anemometer  probes  and  a five 
hole  pressure  probe.  Each  technique  is  described  with  its  associated 
theoretical  basis  for  comparison.  The  effects  of  finite  aperture  and 
spatial  and  temporal  frequencies  of  the  random  flow  are  considered. 

The  results  presented  represent  five  flights  flown  at  altitudes  from 
1.8  km  to  10.7  km  and  at  Mach  numbers  from  .32  to  .79.  Single  pass 
phase  deviations  for  the  boundary  layer  were  from  .06  to  .17  waves  (at 
x=.53ym)  with  piston  and  tilt  components  removed.  Measured  phase 
deviations  for  the  artifically  induced  shear  flows  from  .10  to  .279 
waves  (atx=.53um)  with  piston  and  tilt  components  removed.  However, 
when  low  order  aberrations  through  coma  were  removed,  the  remaining 
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deviations  were  only  .09  to  .18  waves.  This  resulted  in  33%  to  250% 
increase  in  the  Strehl  ratio  at  14  cm  optical  aperture.  It  was  further 
shown  that  the  low  order  aberrations  corresponded  to  the  longer  wave- 
lengths in  the  random  flow  and  these  waves  propagated  with  a longer 
characteristic  time  than  the  higher  order  aberrations  (200  to  1000  sec 
vs  50-100  sec  or  1-5  khz  vs  10-20  khz).  Removing  the  low  order  spa- 
tial aberrations  from  the  random  flowfield  up  to  a temporal  frequency 
of  1 khz  significantly  improved  optical  propagation.  In  addition,  the 
aerodynamic  measurements  could  be  correlated  to  the  optical  measure- 
ments to  within  0.2  waves  of  tilt  in  the  random  flow,  and  aerodynami- 
cal ly  measured  correlation  lengths  matched  the  optical  measurements 
when  corrected  for  tilt  and  aperture  scaling.  Thus  spatial  optical 
performance  parameters  can  be  deduced  from  aerodynamic  measurements. 


Keywords 

Shear  layers,  double  pulsed  holography,  turbulent  flow  measure- 
ment, aero-optics,  aerodynamic  measurement,  optical  decomposition. 
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INTRODUCTION 


Previous  modelling  and  experimentation  have  characterized  turbu- 
lent wavefronts  propagated  through  aircraft  boundary  and  shear  layers. 
The  techniques  for  the  most  part  employed  averaging  assumptions  that 
yielded  results  tending  to  maximize  the  distortion  of  optical 
wavefronts.  All  such  distortions  spread  the  radiation  preventing  beam 
focus  to  its  diffraction  limited  spot  size.  The  resulting  aberrations 
were  assumed  to  be  isotropic  and  uncorrectable  causing  severe  degrada- 
tion to  airborne  astronomical  observations,  radiation  sensing  images, 
and  laser  beam  propagation  from  aircraft.  Better  definition  in  both 
time  and  space  of  the  aberrations  to  the  flow  was  required  to  ascertain 
whether  the  averaged  results  here-to-fore  determined  and  the  resultant 
pessimistic  view  for  practical  applications  were  the  appropriate 
conclusions.  With  proper  knowledge  of  the  actual  flow,  corrective 
techniques,  either  to  the  flow  or  to  a propagating  beam  through  the 
flow,  could  be  applied  to  partially  improve  the  beam  or  image  to  a 
level  where  operationally  the  system  application  could  meet  feasibility 
requirements. 

This  full  scale  experiment  expanded  on  previous  wind  tunnel  and 
airborne  experiments  described  in  the  first  four  references.  The  three 
purposes  of  the  experiment  were  (1)  to  more  accurately  quantify  the 
boundary  layer  and  artifical  shear  layer  effects  on  optical  propaga- 
tion; (2)  to  compare  and  correlate  aerodynamic  measurement  techniques 
with  an  optical  diagnostic  measurement  technique  across  a turbulent 
fluid  flow;  and  (3)  to  compare  experimentally  collected  optical  data 
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with  theoretical  scaling  relationship  for  varying  optical  apertures. 

The  data  are  similar  in  nature  to  data  collected  in  1978  and 
reported  in  reference  1.  Specifically  the  aerodynamic  data  were 
repeated  using  thin  films  on  a five  prong  rake  continuously  movable 
along  a radial  centered  on  the  laser  beam  propagation  path  to  collect 
temperature  fluctuations.  The  rake  was  replaced  with  a five  hole 
pressure  probe  to  collect  pressure  and  mean  flow  velocity  completing 
the  aerodynamic  measurements. 

The  optical  measurements  considered  the  temporal  as  well  as  spa- 
tial correlation  by  collecting  10  nanosecond  pulse  duration  double 
pulsed  holographic  images  at  5 double  pulses  per  second  and  varying 
spacings  between  pulses  (27  usee  to  2 ms).  The  beam  size  was  analyzed 
at  1 to  15  cm.  Coupling  new  measurement  techniques  with  improved  com- 
puterized data  reduction  and  more  precise  numerical  integrations  result 
in  aerodynamic  and  optical  measurement  self  consistency  that  are  uni- 
formly higher  than  in  reference  1. 

The  experimental  setup  for  the  five  flight  measurement  program  is 
shown  in  figure  1.  Altitudes  ranged  from  1.8  to  10.7  km  while  Mach 
numbers  varied  from  .32  to  .79.  A porous  fence  was  located  7,  76  and 
228  cm  forward  of  the  centerline  of  the  measurement  port,  depending  on 
the  flight.  The  struts  that  hold  the  return  mirror  wing  in  place  have 
curvature  for  zero  lift.  Although  not  observed  previously,  it  was 
found  at  the  highest  mach  numbers  that  weak  vertical  shocks  set  up  be- 
tween the  struts  so  as  to  add  some  experimentally  induced  figure  to  the 
optical  results.  Therefore  the  5.8  km  .57  Mach  conditions  were  con- 
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sidered  as  the  baseline  cases  which  excluded  the  shock  perturbation. 
Although  the  quantitative  average  results  remain  unchanged,  more  pre- 
cision and  time  sensitive  data  portend  a significant  decrease  in  aero- 
optical  contribution  to  the  system  error  budget  with  appropriate 
aeroflow  corrective  techniques.  Further,  data  reduction  improvements 
will  allow  significantly  more  data  to  be  processed  more  accurately. 

CONCLUSIONS 


Four  major  conclusions  from  these  test  include  the  following: 
Aerodynamic  phase  variance  averaged  over  time  compares  with  the  optical 
derived  phase  variance  as  corrected  for  infinite  aperture  to  within  the 
tilt  compensation  which  is  removed  from  the  optical  measurement. 
Comparing  the  optical  measurement  directly  with  clipped  aerodynamic 
frequencies  that  relate  to  tilt,  focus,  astimatism  and  coma  finds 
excellent  agreement — .12*  versus  .13*  . In  addition  the  clipped  aero- 
dynamic data  yield  a correlation  length  that  matches  the  optically 
derived  length  at  2 cm. 

The  aerodynamic  measurements  are  time  averaged  along  a central 
volume  cylinder  in  front  of  the  probe  and  thus  time  scales  determined 
there  cannot  be  substituted  for  optically  measured  timescales  which 
relate  the  aeroflow  as  a nearly  instantaneous  phase  screen. 

Optical  measurements  at  15  cm  aperture  seem  to  infer  that  large 
spatial  turbulent  wavelengths  propagate  at  slower  flow  velocities  than 
shorter  wavelength  turbulence  implying  significant  improvement  in  opti- 
cal propagation  could  be  attained  with  long  wavelength  relatively  slow 
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compensation. 

Finally  the  theory  developed  by  Dr.  Hogge  in  reference  5 is  con- 
sistent with  different  clipped  optical  data. 

Current  measurement  techniques  are  precise  enough  to  quantify 
optical  degradation  due  to  aeroflows  as  a function  of  time.  These  data 
can  be  used  to  support  (1)  research  in  flow  interogation  and  optical 
compensation,  (2)  design  to  alter  the  flow  characteristics  to  remove  or 
reduce  the  non-isotropic  portion  of  the  turbulence  or  (3)  design  of 
aeroflow  modifiers  to  transfer  isotropic  turbulence  to  large  scale  tur- 
bulence and  then  couple  that  turbulence  with  low  order  optical  correc- 
tive techniques.  The  results  are  possibly  a key  to  successful  use  of 
optical  systems  on  airborne  platforms. 

APPROACH 


The  aero-optics  program  involved  several  aspects;  including 
instrumentation  design  and  manufacture,  development  of  data  analysis 
procedures,  flight  test  definition  and  conduct,  and  data  reduction  and 
interpretation.  The  instrumentation  and  data  analysis  procedures  are 
discussed  first,  and  the  flight  test  is  described  in  the  remaining  por- 
tion. 

A double-pass  holocamera  was  designed  for  installation  at  Station 
1050  on  an  AF  NKC-135.  A customized  frequency-doubled,  NdtYAG  laser 
was  used  to  record  the  double  pulse  holograms  on  35mm  film.  The  laser 
was  designed  and  demonstrated  to  meet  USAF  airworthiness  requirements. 

A mirror  dithering  system  operating  in  a phase  locked  servo  control 
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mode  was  used  in  the  holocamera  reference  beam.  This  subsystem  pro- 
vided about  20  fringes  of  tilt  on  the  interferogram  either  along  the 
flow  or  normal  to  flow  direction.  An  essentially  automatic  laser/ 
holocamera  control  system  was  designed  to  provide  high  confidence  and 
quality  data  acquisition.  A typical  double-pulse,  hologram  record  con- 
sisted of  about  100  double  exposures  with  finite  fringe.  The  double 
pulse  measurement  removes  most  system  induced  errors  due  to  return 
mirror  vibration  and  other  vibration  sources.  A residual  of  one  to 
three  waves  tilt  above  the  induced  tilt  remain  therefore  the  measure- 
ments must  exclude  tilt  in  the  data  processing.  The  double-pulse 
holographic  interferograms  were  photographed  in  a ground  laboratory, 
and  the  finite  fringe  interferograms  were  digitized  on  a new  system 
developed  by  the  Fringe  Reduction  Facility,  FRF,  at  AFWL.  The  fringe 
detection  system  provided  the  ability  to  obtain  quantitative  phase  sta- 
tistics for  turbulent  flows.  A time-differential  interferogram  analy- 
sis was  developed  to  relate  the  double  pulse  interferogram  data  to  the 
anemometer  derived  phase  data. 

The  flight  tests  were  designed  to  provide  a comparison  of  the  ane- 
mometer and  optical  diagnostic  systems.  This  comparison  was  based  on 
averaged  statistically  significant  data  which  turned  out  to  be  for  the 
optical  data  15  samples  per  pulse  spacing.  An  essential  aspect  of  the 
experiment  design  was  the  generation  of  a flow  object  or  flow  field 
which  could  be  appropriately  sampled  through  the  holocamera  optical 
aperture.  To  obtain  adequate  spatial  sampling,  a flow  field  structure 
with  small  length  scales  was  required.  The  MID  FENCE  (76  cm)  position 
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was  identified  as  most  appropriate.  The  flow  length  scales  in  the 
ambient  boundary  layer  are  quite  large  at  the  aircraft  measurement  sta- 
tion; however,  the  porous  fence  disrupts  the  ambient  boundary  layer 
flow  along  the  fuselage.  Immediately  downstream  of  the  fence  (NEAR 
FENCE  at  8 cm),  the  flow  field  is  composed  of  a shear  layer  at  the 
other  edge  of  the  fence  separating  the  low  speed  flow  through  the  fence 
and  the  high  speed  boundary  layer  flow  over  the  fence.  The  composite 
aspects  of  this  flow  region  make  it  less  desirable  for  optical  compar- 
ison. However,  further  downstream  the  shear  layer  has  entrained  or 
consumed  most  of  the  extraneous  turbulence,  and  this  position  (MID 

\ 

FENCE)  is  selected  as  the  primary  flow  object  for  data  comparison.  The 
optical  data  here  samples  up  to  75%  of  the  spatial  frequencies.  In 
addition,  since  the  flow  has  not  quite  reattached  at  this  point,  the 
shear  layer  turbulence  structure  is  nearly  isotropic,  particularly  in 
comparison  to  bounded  turbulent  flows.  At  the  final  fence  position 
(FAR  FENCE)  (228  cm),  the  reattaching  shear  layer  has  grown  consider- 
ably in  thickness  and  optical  distorting  power.  A complete  double- 
pulse hologram  data  set  was  acquired  for  three  fence  positions  and 
through  the  ambient  boundary  layer  at  four  flight  conditions.  The 
interferograms  recorded  for  increasingly  longer  pulse  spacing  revealed 
stronger  fringe  distortions  as  was  expected.  The  ambient  boundary 
layer  (NO  FENCE)  was  observed  to  be  the  weakest  phase  distorting 
object,  and  with  the  fence  installed,  the  distortion  was  observed  to 
increase  with  distance  from  the  fence.  The  growth  rate  of  the  distor- 
tion with  distance  is  increased  at  higher  Mach  number. 
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Double-Pulsed  Nd:YAG  Laser 


A Molectron  Corporation  Model  MY-30  frequency  doubled  Nd:YAG  laser 
as  supplied  was  intended  for  laboratory  use  and  consisted  of  a Nd:YAG 
oscillator  and  amplifier  and  KDP  frequency  doubler.  The  unit  was 
designed  for  operation  on  208  volt,  60  cycle  AC  three  phase  prime 
power,  and  utilized  a tap  water  cooled  heat  exchanger. 

A careful  characterization  of  the  laser  prior  to  modification 
demonstrated  that  the  unit  was  capable  of  about  200  mj/pulse  operation 
at  0.532  urn  at  10  Hz,  with  a coherence  length  of  approximately  1 cm 
(linewidth  of  O.lcm-^-).  No  double  pulse  capability  existed  in  the  fac- 
tory unit. 

Extensive  modifications  of  the  laboratory  unit  included  pulse 
forming  networks,  double  pulsing  electronics,  flashlamp  simmer  cir- 
cuits, and  pockels  cell  trigger  circuits.  Airborne  power  supplies  were 
specified  and  purchased  for  operation  at  120  VAC  400  cycle  three  phase 
aircraft  power  and  28  VDC. 

An  environmental  housing  for  the  laser  optical  system  was  designed 
and  fabricated.  Extensive  mechanical  modifications  were  incorporated 
to  meet  a U.  S.  Air  Force  9g  forward  load  crash  requirement. 
Modifications  of  the  laser  output  optical  path  were  incorporated  to 
meet  aircraft  configuration  requirements.  Vibration  testing  included 
an  operational  demonstration  after  two  cycle  of  a 2g,  5-500  Hz  shake. 
The  laser  optical  unit  was  cycled  over  a AT  of  40°  F and  post-test 
operation  was  demonstrated. 

A freon  to  water  airborne  cooler  and  control  system  was  designed 
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and  incorporated  into  the  NKC-135  aircraft  environmental  control 
system. 

Double-Pass  Holocamera 

A custom  holographic  camera  was  designed  and  fabricated  for  the 
aero-optics  experiment.  The  optical  system  consists  of  an  object  beam 
and  reference  beam.  The  object  beam  is  expanded  to  16  cm  diameter  and 
is  projected  (through  an  optical  port)  out  of  the  aircraft  through  the 
shear  layer  to  a return  mirror  mounted  on  an  airfoil  wing,  thus  double 
passing  the  flow.  The  reference  beam  is  pathmatched  to  the  object  beam 
to  within  .5  cm.  A two-axis  dither  mirror  control  system  is  contained 
in  the  reference  beam  to  place  reference  tilt  fringes  on  the  resulting 
holographic  interferograms. 

The  entire  optical  system  is  housed  in  a structure  to  make  the 
camera  light-tight,  keep  the  optical  system  clean,  and  meet  USAF  air- 
worthiness requirements.  Access  to  the  holocamera  for  adjustment  in 
flight  is  facilitated  by  twelve  hatches  which  are  integral  to  the  top 
cover. 

Features  of  the  camera  include: 

35mm  roll  film  operation 

automatic  film  writing  (frame  number)  via  LED  film  printer 

automatic  monitoring  of  object  and  reference  beam  energy  and 
ratio 

automatic  X and  Y dither  mirror  control  via  phase  locked 
servo  controlled  loop 
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temperature  monitoring  at  three  points 


vibration  monitoring  (via  accelerometers)  at  two  points 

interchangeable  4x5  glass  plates  with  35mm  roll  film  to 
obtain  single-pulsed  holograms 

transceiver  optical  design  for  object  beam  utilizing  common 
path  optics 

apertures  and  light  baffles  to  minimize  stray  radiation  and 
outside  aircraft  ambient  light 

monitoring  of  aircraft  fuselage  expansion  for  various  flight 
conditions 

reference  beam  remote  pathmatch  adjustment  to  compensate 
fuselage  growth 

mechanical  design  capable  of  withstanding  9g  forward  crash 
load 

airworthy  wiring  and  electronic  components 
Holographic  Reconstruction 

After  developing,  the  flight  hologram  film  reels  were  inserted  in 
a custom  film  transport  within  the  reconstruction  system.  The 
reconstruction  beam  was  obtained  from  a spatially  filter  HeNe  laser. 
The  holocamera  reference  beam  divergence  was  reproduced  in  the 
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reconstruction  system.  The  reconstructed  object  beams  which  constitute 
the  interferogram  are  spatially  filtered  to  increase  fringe  contrast. 
The  interferogram  aperture  is  focused  on  the  camera  film  plane.  The 
aperture  is  the  large  lens  in  the  object  beam  telescope.  The  inter- 
ferograms  were  photographed  on  Tech  Pan  film  and  developed  with 
HClllOF.  The  film  and  the  developing  process  were  selected  to  achieve 
moderate  fringe  contrast  and  sufficient  exposure  dynamic  range. 
Sufficient  dynamic  range  is  required  to  record  interferogram  intensity 
variation  across  the  aperture. 

Aerodynamic  Procedure 

Turning  now  to  the  aerodynamic  procedure.  A movable  five  fingered 
thin  film  temperature  rake  or  five-hole  pressure  probe  was  inserted 
into  the  artificial  shear  layer  along  the  centerline  of  the  optical 
measurement.  Obtained  from  this  data  through  the  differential  form  of 
the  equation  of  state  was  the  density  variation  of  the  flow  and  mean 
velocity  and  pressure  data.  The  thin  film  temperature  data  was 
recorded  in  the  FM  mode  with  the  films  configured  to  record  from  0 to 
100  Khz.  The  pressure  probe  recorded  ambient  and  total  steady  state 
pressure  over  about  10  second  spans.  This  data,  when  properly  corre- 
lated with  velocity  data,  yielded  the  time  averaged  density  variation 
and  correlation  lengths  along  the  centerline  and  thus  a time  averaged 
phase  variance.  Assuming  homogeneity  across  the  flow  an  infinite  aper- 
ture Strehl  ratio  was  derived  which  is  a measure  of  the  intensity 
dispersion  caused  by  the  flow.  This  is  the  worst  case  Strehl  assuming 
no  temporal  or  spatial  correction  and  isotropic  turbulence. 
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Fringe  Detection  and  Wavefront  Analysis 


The  interferogram  fringe  detection  and  wavefront  analysis  was  per- 
formed by  the  Fringe  Reduction  Facility  at  AFWL.  The  primary  data 
reduction  was  performed  on  a set  of  eighteen  interferograms  (nine  with 
flow  direction  fringes  and  nine  with  normal  to  flow  direction  fringes) 
for  each  of  80  test  conditions  (flight  condition  [4],  model  installa- 
tion [4],  and  pulse  space  [5]). 

The  fringe  detection  camera  was  configured  with  a film  transport 
which  could  be  rotated  about  the  optical  axis.  The  image  was  detected 
by  scanning  a linear  photodiode  across  the  image.  The  film  transport 
was  oriented  such  that  the  nominal  fringe  direction  was  normal  to  the 
photodiode  array  or  parallel  to  the  scanned  direction.  Fringes  were 
numbered  from  zero  to  N across  the  aperture.  The  maximum  fringe  number 
was  typically  20,  except  for  the  short  pulse  spacing,  27  ys,  for  which 
six  or  eight  fringes  were  introduced. 

The  fringe  detection  system  was  designed  to  trace  the  fringe  edges 
of  a few  fringes  in  each  scan  across  the  aperture.  In  the  instances 
where  fringe  edges  were  lost  in  noise,  the  system  would  mark  the  point 
and  continue  until  the  noise  dropped  and  the  fringe  edge  detection  was 
regained.  After  all  identified  fringe  coordinates  had  been  detected  by 
automatic  means,  the  operator  would  assist  the  patching  of  drop-out 
regions. 

The  fringe  detection  scheme  locates  fringe  center  coordinates 
across  the  interferogram.  After  averaging  across  several  ('''10  scan), 
average  fringe  centers  were  connected  by  the  computer  into  the  fringes 
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along  the  scan.  When  the  computer  could  not  connect  the  fringe  center, 
it  appealed  to  human  intervention.  The  phase  is  constant  along  fringes 
and  increases  by  one  wave  from  one  fringe  to  the  next  fringe.  The 
phase  map,  as  originally  detected,  is  a high  frequency  random  distor- 
tion imposed  on  a highly  tilted  wavefront  (i.e.,=  20  waves). 

Since  the  wavefront  phase  is  known  only  along  fringe  centers,  the 
nonuniform  phase  map  is  interpolated  onto  a uniformly  spaced  grid.  The 
grid  interval  was  128  x 128  or  about  0.1  cm  spacing  in  each  direction 
over  15.  cm  aperture  which  is  ample  accuracy  to  resolve  low  order 
Zernike  times.  Zernike  polynomials  are  orthogonal  polynomials  that 
define  optical  aberration  over  a phase  front  (e.g.,  tilt,  focus,  coma). 

The  first  step  in  the  wavefront  analysis  is  to  determine  the 
Zernike  polynomials  components  of  the  interferogram  and  the  residual 
variance  using  a least  square  fit  of  the  data  for  a selected  order  of 
fit.  This  analyses  used  piston  and  tilt  removed  and  the  residual 
variance  denoted,  oq.2  and  piston  tilt  focus  astimatism  and  coma  remo- 
val with  residual  variance  denoted  og.g.  experimental  error  in 
tilt  was  removed  first  and  the  low  order  optical  terms  were  determined 
to  10%  accuracy. 

Time  Differential  Interferogram  Analysis 

The  fringe  distortion  recorded  on  the  double-pulse  holographic 
interferograms  represents  a time-differential  phase,  M , or 

A<)>  (x,t)  =<|>(x,t)  - 4>  (x,t-t* ) (1) 
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where  t'  is  the  laser  pulse  spacing.  A correlation  analysis  is  devel- 
oped in  Ref.  2 in  which  Equation  1 is  expanded  to  provide  a relation 
between  the  differential,  a<j>  , and  absolute,  <j>  , phase  correlation 
functions.  Specifically,  the  two  point,  )q  and  x2,  spatial  correlation 
function  derived  from  the  interferograms  is  shown  to  be 

R A4>  (xi ,x2)  = 2 (R4>(xi,x2)  - R<i>(xi,x2,  t ' ) ) (2) 

where  and  x2  are  the  cross  aperture  coordinates  at  which  the  phase 
correlation  is  being  computed.  The  RHS  of  Equation  2 is  twice  the  dif- 
ference of  the  spatial  and  space-time  phase  correlation  functions, 
where  the  time  delay  in  the  space-time  correlation  is  equal  to  the 
double-pulse  spacing.  The  major  result  is  obtained  from  Equation  2 by 
equating  x^  and  x2  and  letting  the  pulse  spacing  become  sufficiently 
long  that  the  space-time  correlation  function  is  zero.  The  differen- 
tial phase  variance,  a2 a<(>  , is  twice  the  conventional  variance,  or 

o2A$  = 2a2<|>  (3) 

These  temporal  phase  variances  are  equivalent  to  spatial  variances  for 
homogeneous  phase  statistics.  Hence,  the  desired  result  is  that  the 
temporal  variance  equivalent  to  that  derived  from  anemometer  data  is 
obtained  by  ensemble  averaging  the  spatially  derived  differential  phase 
variance,  or 

a2<|>  = I^a2A<j>^|  (4) 

2 t'  -*•  °» 
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The  temporal  phase  statistics  are  obtained  from  the  double  pulse 
holograms  recorded  at  shorter  pulse  spacing.  Equation  2 is  evaluated 
at  zero  spatial  offset,  = X2>  and  the  temporal  phase  correlation 
function,  R (t),  is  obtained  from  the  shorter  pulse  spacing  inter- 
ferograms,  or 

R4»(t)  = - l(o2 A*)  | -(o2a$)|  J (5) 

2 * t1  * -*■  « t'  * t 

The  RH5  of  Equation  5 is  the  difference  between  the  ensemble  average  of 
the  long  pulse  spacing  variance  (i.e.,  Eqn.  4)  and  a shorter  pulse 
spacing,  t‘  * t,  variance.  The  form  of  the  correlation  function  has 
been  assumed  exponential  in  the  data  reduction,  i.e., 

R«Kt)  = o2*0e_t/to  (6) 

where  the  variance,  and  the  time  scale,  t0,  are  the  fit  param- 

eters obtained  by  least  squares  analysis  or 

a2  = o2<f>  o (1  - e’t/to)  (7) 

After  examining  the  statistics  of  a single  data  set  in  great  detail, 
the  number  of  interferograms  required  for  ensemble  averaging  at  each 
pulse  spacing  was  selected  to  be  18  or  90  over  the  5 time  spacings. 

From  optical  theory,  the  phase  variance  can  be  decomposed  into  a series 
of  orthogonal  Zernike  coefficients. 


N 

E aip  i 
i=o 
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(8) 


By  application  of  the  theory  of  superposition  equation  (7)  applies  to 
the  Zernikes 

P!1=p2.  (1  - e_t/t°i)  (9) 

<f>0 

where  each  Zernike  term  has  its  own  time  constant.  This  implies  that 
low  order  Zernike  may  respond  differently  in  time  than  higher  order 
terms. 

Flight  Test 

Six  flights  were  flown  from  Kirtland  AFB  and  data  was  taken  over 
White  Sands  Missile  Range,  New  Mexico,  on  an  Air  Force  NKC-135  aircraft 
in  the  spring  of  1984.  For  each  flight,  the  fence  was  mounted  in  a 
single  position  and  data  were  acquired  at  four  flight  conditions.  The 
fence  positions  were  8.0,  76.,  and  38,  cm  upstream  of  the  measurement 
station,  and  for  one  flight,  the  fence  was  not  installed.  The  flight 
conditions  were  selected  to  produce  an  altitude/Mach  number  variation 
at  constant  Reynolds  number  (unit  Reynolds  number  = 6.0  x 10®/M  or 
running  length  Reynolds  number  = 175.  x 10^.  The  fence  positions  were 
selected  to  produce  desired  flow  configuration  at  the  measurement  sta- 
tion. 

One  complete  data  record  was  obtained  at  each  flight  condition.  A 
data  record  consisted  of  a 100  hologram  set  at  each  pulse  spacing  with 
45  frames  taken  in  vertical  and  horizontal  fringe  orientations,  and 
the  remaining  ten  with  infinite  fringe  spacing.  Pulse  spacing  from 
27  us  to  2.0  ms,  were  obtained. 
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Data  were  recorded  in  eight -minute,  steady  level  flight  legs 
within  the  controlled  airspace. 

Data  Reduction 

The  primary  optical  data  reduction  approach  has  been  the  deter- 
mination of  phase  correlation  functions.  The  temporal  dependence  is 
obtained  by  least  squares  analysis  of  the  time-differential  inter- 
ferograms,  and  the  spatial  dependence  is  obtained  by  ensemble  averaging 
the  products  of  spatially  shifted  wavefronts.  These  analyses  result  in 
a phase  variance,  time  scale  and  length  scale. 

For  large  aperture  sampling,  the  resulting  phase  variance  is 
equivalent  to  that  derived  from  the  anemometer  diagnostics.  Further, 
to  ascertain  the  dependence  on  sampling  aperture,  the  temporal  correla- 
tion functions  are  obtained  for  partial  aperture  regions.  Finally,  to 
obtain  the  temporal  behavior  of  various  low  spatial  order  terms  (i.e., 
focus,  astigmatism,  and  coma),  the  temporal  variance  of  several  low 
order  Zernike  coefficients  has  been  obtained  for  a set  of  time- 
differential  interferograms.  The  least  squares  analysis  applied  to 
these  Zernike  data  sets  results  in,  for  example,  a focus  amplitude  and 
time  scale. 

Time  Dependent  Phase  Correlations 

The  spatial  phase  variance  samples  obtained  from  time-differential 
interferograms  are  obtained  by  the  fringe  detection  and  wavefront  anal- 
ysis techniques  described  earlier.  Actually,  the  residual  variance  is 
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provided  after  removing  piston  and  tilt  components  (i.e.,  a2  0-2)  and 
after  removing  Zernike  coefficients  through  a coma  aberration  (i.e., 
°20-8^*  Ninety  samples  are  used  in  the  least  squares  analysis  to 
obtain  the  phase  variance  and  time  scale  (i.e..  Equation  6)  of  the 
exponential  correlation  function.  The  least  squares  analysis  provides 
the  best  fit  to  the  following  equation: 


o2A(j>(t 1 ) 
8 


a2<t>(t * ) 


(1  - e 


-t'/t 


°) 


where  the  factor  of  8 represents  the  double  pass  factor  of  4 and  the 
double  pulse  factor  of  2. 

The  least  squares  data  fit  to  0 0-2  and  a 0-8  data  sets  for  the 
5.8  Km/0.57M  MID  FENCE  position  are  shown  in  Figures  2a  and  2b. 

Eighteen  data  points  are  plotted  at  each  pulse  spacing,  and  the 
resultant  fit  is  plotted.  For  the  a2o-2>  the  asymptote  is  0.21  waves 
and  the  time  scale  is  192  ys;  whereas  after  removing  low  order  spatial 
terms  (through  eighth  order  Zernike),  the  asymptote  variance  is  reduced 
to  0.14  waves  with  a time  scale  of  90  ys.  The  30  percent  reduction  in 
phase  variance  produces  a sizable  improvement  in  Strehl  ratio  (i.e., 
from  0.17  to  0.48,  respectively,  if  the  exponential  relation  is  assumed 
valid).  For  this  case,  the  Strehl  ratio  improves  a factor  of  three 
with  the  removal  of  correction  of  low  order  distortion.  The  averaged 
time  scale  for  a q_2  (192  ys)  is  noted  to  be  significantly  larger  than 
the  o q_8  value  (90  us).  This  is  because  the  lower  Zernikes  propagated 
slower  than  the  higher  order  values.  Removing  the  lower  Zernike  leave 
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FIGURE  2a  Tilt  Removed  Least  Squares  Analysis 
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an  average  time  scale  that  is  lower  than  before.  Applying  Equation  8 
can  determine  the  actual  correction  frequency  for  each  Zernike  term 
necessary  to  obtain  the  average  values  obtained  from  the  fit. 

The  entire  flight  test  matrix  and  the  ground  calibration  data  are 
shown  in  Table  1.  The  ground  calibration  data  reveal  a noise  level  of 
about  X /20  to  X /30  for  o q-2  and  °0-8  data  sets.  The  calibration 
data  reveal  no  pulse  spacing  dependence.  Strehl  improvement  of  between 
30%  and  250%  at  14  cm  aperture  was  seen,  the  average  time  scale  is  con- 
sistently less  for  the  coma  removed  data  indicating  short  wavelength 
aberrations  appear  to  move  faster  than  longer  wavelengths.  The  signal- 
to-noise  ratio  is  poorest  at  low  altitude/Mach  number  with  the  boundary 
layer  flow  object,  and  is  best  for  all  of  the  higher  altitude/Mach 
number  conditions  for  the  FAR  FENCE  flow  object.  As  a result  of  low 
signal -to-noise  for  the  1.8  and  5.8  Km  boundary  layer  data,  the  time 
scales  are  judged  not  applicable. 

Space  Dependent  Phase  Correlations 

The  dependence  of  the  phase  correlation  on  the  spatial  offset  is 
obtained  for  a single  flight  condition,  as  the  computation  requires 
handling  of  eighteen  phase  maps  each  containing  10^  grid  points.  The 
phase  spatial  resolution  is  128  x 128  grid  points,  or  0.1  cm  in  the  15 
cm  aperture.  The  phase  correlation  in  space  is  derived  from  ensemble 
averages  of  the  product  of  spatially  shifted  wavefronts,  or 
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The  ensemble  averaging  has  been  performed  for  the  2.0  ms  pulse  spacing 
data  broken  into  vertical  and  horizontal  fringe  orientation  sets. 

The  two-dimensional  correlation  functions  obtained  from  each  data 
set  is  plotted  in  slices  through  the  x and  y axis  in  Fig.  3.  In 
general,  the  correlations  decay  to  zero  at  about  4 cm  shift  and  reach  a 
lower  limit  of  -0.1  at  6 cm.  The  spatial  length  scales  are  equal  in 
both  directions  (i.e.,  about  2 cm),  as  judged  by  the  shift  coordinate 
at  the  point  where  the  correlation  is  e"*.  This  would  indicate  that 
the  phase  distortion  is  fairly  isotropic. 

Partial  Aperture  Phase  Variance 

The  phase  distortion  observed  through  reduced  aperture  diameters 
have  been  determined  by  cropping  the  interferogram  in  the  data  reduc- 
tion step.  The  full  aperture  data  as  discussed  were  actually  cropped 
to  90  percent  of  the  holocamera  aperture  of  14  cm  diameter.  The  par- 
tial aperture  diameters  were  8.0  cm,  5.0  cm,  and  2.5  cm.  The  wavefront 
analysis  is  designed  to  remove  both  tilt  components  before  computing 
the  residual  phase  variance,  o2 o_2  or  phase  deviation  o()-2*  New 
components  are  computed  for  successively  smaller  apertures.  The  resi- 
dual phase  variance  is  also  computed  after  removing  the  first  eight 
Zernike  coefficients,  and  this  variance  is  denoted,  <J20-8* 

The  partial  aperture  phase  variances  have  been  obtained  for  all 
four  model  configurations  at  5.8  Km/0.57M.  The  o o-2  data  (Table  2) 
for  each  model  configuration  reveal  increasing  distortion  with 
increasing  aperture  diameter.  This  indicates  that  a larger  portion  of 
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INFINITE  (AERO)  .252/  / .082  .263/  / .065  .904/  / 0 


FIGURE  3 Spatial  Correlation  Function  Through  X and  Y Axes.  5.8  km/0.57M  Flight  Condition,  Mid  Fence 
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the  spatial  frequency  phase  spectrum  is  sampled  or  detected  as  the 
aperture  diameter  is  increased.  The  boundary  layer  flow  object  exhib- 
its the  best  optical  quality.  The  NEAR  and  MID  FENCE  flow  objects 
exhibit  similar  trends;  however,  the  NEAR  FENCE  data  decreases  at  a 
slower  rate  with  aperture  size,  indicating  that  much  of  its  spectral 
strength  must  be  at  high  spatial  frequency.  This  observation  is  in 
agreement  with  the  anemometer  scale  size  data. 

The  ratio  of  the  low  order  removed  deviation  to  the  tilt  removed 
deviation,  ao-8/°0-2»  increases  from  about  57  percent  at  5.0  cm  aper- 
ture to  about  72  percent  at  13.5  cm  aperture.  This  trend  suggests  that 
for  larger  apertures  the  phase  distortion  moves  to  higher  spatial  fre- 
quencies relative  to  the  apertures  size  and,  in  particular,  the  low 
order  Zernike  terms  become  less  significant  for  correction.  The  time 
scale  is  observed  to  increase  with  aperture  size,  also  suggesting  the 
large  scale  structures  within  the  flow  have  lower  temporal  frequencies. 

The  temporal  sampling  variation  was  sufficient  to  detect  all  of 
the  tilt  removed  spectrum  as  the  phase  variance  was  clearly  observed  to 
asymptote  at  large  pulse  spacing.  In  contrast  to  the  temporal  sample, 
the  spatial  sampling  variation  was  not  sufficient  to  detect  the  entire 
spatial  frequency  spectrum,  as  a result,  the  phase  variance  did  not 
asymptote  within  the  sampled  aperture  range  (i.e.,  up  to  15  cm 
diameter).  Later,  the  propagation  analysis  of  Hogge  will  be  employed 
with  the  anemometer  data  to  estimate  the  infinite  aperture  size  for  all 
four  flow  objects  at  the  5.8  Km/0.57M  flight  condition. 


Zernike  Spatial  Decomposition 


Turning  attention  to  the  low  order  Zernikes  which  is  corrected  can 
result  in  a 15  to  40%  beam  quality  improvement.  Table  3 shows  the  peak 
deviation  of  each  Zernike  term.  Since  the  flow  is  random  the  mean  of 
each  term  is  very  close  to  zero.  Therefore  the  deviation  of  each  term 
was  used  as  the  measure  of  merit.  For  a typical  case,  a 2o  peak  to 
peak  variation  is  on  the  order  of  1 wave  or  4 times  the  values  listed. 
Correction  frequencies  are  the  inverse  of  the  vibration  time  listed  or 
2-5  KHz  at  14  cm  aperture.  Large  optics  would  have  somewhat  lower 
correction  frequencies  but  may  not  get  the  same  large  percentage  im- 
provement because  the  characteristic  size  of  the  turbulence  may  be  near 
maximum  at  15-20  cm.  This  implies  that  for  large  apertures  the  signif- 
icant spatial  bandwidth  may  extend  to  fairly  high  orders.  The  data  was 
collected  by  fitting  (as  per  equation  9)  the  1-a  value  of  the  perti- 
nent Zernike  term  obtained  from  statistical  analysis  of  the  inter- 
ferograms  for  each  time  spacing  and  flight  condition. 

Aerodynamic/Optical  Comparisons 

A major  flight  test  objective  was  to  provide  optical  data  for 
validation  of  hot-wire  anemometry  based  characterizations  of  turbulent 
flow  optics.  The  anemometer  approach  is  to  derive  the  optical  phase 
variance  by  path  integration  of  the  refractive  index  statistics,  as 
determined  from  the  hot-wire  anemometer.  For  spatially  homogeneous 
flows,  the  temporal  phase  variance  is  also  indicative  of  a spatial 
phase  variance  as  would  be  subjected  to  a large  aperture  wavefront. 


490 


TABULATED  LOW  ORDER  ZERNIKE  ANALYSIS 


o m o> 

in  csj 

Lut 

i-H  in  vo 

csj  id 

O 

o po  o 

csi 

Z 

LU 

i-H  r-H 

in 

U- 

•»  #1  A A 

* *> 

ID  lO  C\J 

id  * 

OC 

id  in 

Ol  r-H  i-H 

< 

CSJ  CSJ  PO  I-H 

vo  in  oo 

U. 

• • • • 

• • tp 

<D 

i- 


O 00  o o 

*“H  i-H  CSI 


PO  CO  CSJ  <■ 
0>  CSJ  LO  O 
CSJ  CSJ  ^ ^ 


in  vo  oo  h 10 

oo  ^ csj  in  oo 


po  cvj  ih  •— i 


ps  ro  cvj  po  in  co  cti  in  * hhioo  id 

inoiss  o inn  in  o 

O I-H  O O r-H  i-H  CSI  CSJ  ID  POlO  f— I CSJ  CSJ  t-4  i-H 


n rH  o 

oi  po  oo  o oo  o 

i-H  H H O 


csj  cr>  in  i— ♦ h*  popo 

O CSJ  *1“  ID  CSJ  *4*  CSJ 

r-H  i-H  H i-H  O^  O ^ 


LU  E 
O ^ 

CSJ 

r^. 

1 «3 

S-  4-J  \ 
(U  RJ  00 

00 

Ol 

:=>  ^ 

PO 

in 

0.0  • 

VO 

• 

\— 

• 

• 

<C  mz 

• 

*— 1 nr 

<u  r^. 

'vsSn 

o 

00 

oo 

o^  j-  s-m 

00 

• 

1 rf 

• 

• 

• =5  O • 

• 

o 

< f 

«-H 

in 

00  -U>  *4—  O 

oo 

i-H 

491 


267,  967 
231,  320 
159,  170 


The  propagation  characteristics  of  wavefronts  passed  through  tur- 
bulent flows  have  been  described  by  Hogge.  The  time  average,  far-field 
intensity  distributions  are  obtained  for  flows  resulting  in  Gaussian 
phase  statistics.  In  addition,  the  phase  statistics  are  assumed  to  be 
homogeneous  and  isotropic  in  space.  The  phase  covariance  function,  R^, 
is  simply  characterized  by  a variance,  , and  a length  scale,  £0, 
in  the  Gaussian  form 


R.(r)  * a2,e('r/*o)2 

<p  9 

The  phase  integral  scale  is 

, _ fo  C4>  (r ) dr  _ it  . 

0 5*7  T 0 

9 

or  note  L0  s i0 


(10) 


(ID 


Expressions  are  developed  for  the  average  far-field  irradiance  distri- 
bution relative  to  the  diffraction  limited  distribution  for  strongly 
phase  aberrated  wavefront.  Specifically  a2  aero  was  determined  from 

o!  = B2  / <p(r)>’  l-r  <>>(r)p(r+ar)>  <farjr  (12) 

o -L  <p(r)>2 


where  the  kernel  of  the  second  integral  is  the  correlation  coefficient 
that  is  fitted  with  an  exponential  and  when  integrated  yields  the  aero- 
dynamic correlation  length.  e2  is  the  Gladstone  Dale  constant. 

<p(r)>  was  determined  from  the  differential  form  of  the  equation  of 
state  P = pRT.  The  data  was  recorded  analog  from  steady- state  through 
100  hz.  Corrections  (^5%  effect)  to  the  data  are  required  because  the 
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density  variation  does  not  null  due  to  coarse  spatial  sampling  near  the 
aircraft  surface.  The  data  thus  calculated  are  the  infinite  aperture 
values  of  the  spatial  variances  and  deviation  assuming  homogeneity 
across  the  aperture. 

The  rationale  for  the  finite  aperture  correlation  follows.  The 
size  of  the  aperture  physically  describes  the  largest  mode  in  the  flow 
that  can  be  observed.  Any  wavelength  twice  the  size  of  the  aperture 
diameter  or  larger  is  seen  only  as  tilt,  which  is  removed.  Intuitively 
it  can  be  seen  that  as  the  diameter  shrinks  the  variance  in  the  flow 
becomes  less  and  thus  the  Strehl  ratio  approaches  unity  or  the  diffrac- 
tion limit.  At  the  other  limit,  as  the  diameter  gets  larger,  the 
variance  approaches  that  in  the  flow  where  the  loss  mechanics  is  that 
of  wide  angle  scattering.  Stated  another  way,  the  phase  distortion  is 
of  high  frequency  compared  to  the  aperture  size.  For  beam  apertures  of 
the  same  order  as  the  length  scale  of  the  phase  distortion,  the  theory 
predicts  an  improved  Strehl  ratio.  For  such  intermediate  aperture 
sizes,  the  phase  aberration  results  in  wide  angle  scattering,  narrow 
angle  scattering,  and  tilt,  where  the  wide  angle  scattering  is  caused 
by  high  frequency  components  in  the  phase  spectrum,  the  narrow  angle 
scattering  is  caused  by  length  scales  in  the  phase  spectrum  of  the  same 
order  as  the  Strehl  ratio  is  computed  from  the  optical  data  using  the 
exponential  relation.  This  is  shown  in  Figure  4.  The  theory  developed 
by  Dr.  Hogge  (Ref.  5)  shows  how  the  Strehl  ratio  observed  in  a finite 
aperture  is  related  to  the  infinite  aperture  Strehl.  It  should  be 
noted  that  it  is  not  just  size  of  the  aperture  that  varies  the  Strehl 
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but  also  the  size  of  the  correlation  length. 

Figure  5 compares  the  raw  finite  aperture  data  with  the  theory 
and  the  aerodynamic  data.  The  plot  shows  Strehl  or  intensity  ratio  as 
a function  of  aperture  radius  times  the  correlation  length  of  the  flow. 
The  three  curves  are  the  experimentally  determined  aerodynamic  phase 
deviation  at  infinite  aperture  for  the  near,  mid,  and  far  fence  con- 
dition (.252,  .262,  .904  o respectively).  The  curves  approach  a 
Strehl  of  one  as  the  aperture  is  decreased  according  to  Dr.  Hogge's 
theory.  The  data  points  show  the  optical  data  with  piston  and  tilt 
removed.  Therefore  one  expects  them  to  be  slightly  greater  than  the 
respective  point  on  the  curve.  It  is  of  interest  to  note  that  for  both 
the  near  and  mid  fence,  the  largest  (15  cm  aperture)  optical  data 
incorporates  about  75*  of  all  the  flow  contribution.  (Compare  the 
Strehl  at  D/2  «.  =2  with  the  asymptotic  value  at  15.)  It  is  for  this 
reason  we  assert  an  increase  of  .15  m optics  to  1 m optics  will  not 
necessarily  degrade  the  Strehl  much  more.  However,  if  the  measurement 
point  is  on  the  order  of  2 m aft  of  the  fence,  the  degradation  can  be 
substantial,  (see  the  far  fence  data) 

Consider  now  the  .16  wave  tilt  comment  on  the  plot.  The  infinite 
aperture  deviation  for  the  mid  fence  calculated  from  the  aerodynamic 
data  is  .262.  When  theoretically  clipped  the  deviation  is  reduced  to 
.238.  The  optical  deviation  is  .210  with  corresponding  Strehl. 
Remembering  that  the  variance  is  an  infinite  sum  of  Zernike  poly- 
nomials, the  optical  measurement  is  the  sum  of  P4  and  up.  Using  the 
clipped  aero  data  and  the  optical  measurement  and  assuming  no  piston 
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FIGURE  5 

STREHL  VERSUS  FINITE  APERTURE 


and  equal  X and  Y tilt,  a tilt  coefficient  can  be  calculated.  This 
calculates  to  the  .16  wave  term  listed.  It  is  of  interest  that  most 
data  regardless  of  fence  position  or  altitude  yields  tilt  terms  on  the 
order  of  .2  waves  which  is  the  same  order  as  the  focus,  astigmatism  and 
tilt  terms. 

Extending  the  analysis  a final  step,  one  may  consider  the  time 
sensitive  aerodynamic  temperature  data.  It  is  composed  of  a spectrum 
of  frequency  data  which  is  transformed  into  density  fluctuations  and 
ultimately  seen  as  turbules  of  various  sizes.  By  clipping  the  fre- 
quency spectrum  of  all  frequencies  0 to  an  fc,  all  density  fluctuations 
Vc/fc  or  greater  are  removed.  Vc  is  the  convection  velocity  of  the 
flow  (assuming  Vc  a X f).  This  clipping  technique  removes  the  effect 
of  the  larger  turbules  on  the  optical  variance  and  Strehl  much  like 
that  of  the  finite  aperture  optical  measurement  with  tilt  removed. 

What  is  needed  is  correlation  of  the  cutoff  frequency  with  the  Zernike 
polynomials  tilt,  focus,  astigmatism  or  coma. 

As  a first  attempt  at  correlation  the  following  physical  model  is 
proposed.  A turbule  of  size  D where  D is  the  optical  aperture  diameter 
is  modelled  as  a convex  lens  of  near  perfect  focus.  Focus  can  be 
thought  of  as  sinusoidal  from  0 to  * . Therefore  a wavelength  must  be 
twice  D or  for  this  case  30  cm.  To  obtain  the  cutoff  frequency  of  the 
aerodynamic  data  requires  fixing  a convection  velocity  which  is  sharply 
increasing  across  the  shear  layer.  Time  correlated  data  across  the 
five  probe  rake  requires  use  of  an  average  convection  velocity.  That 
average  was  taken  at  .8  velocity  halfway  between  the  end  probes,  thus 
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fc  was  determined.  The  density  data  was  then  clipped  of  all  frequen- 
cies 0 to  fc.  Then  the  density  variation  and  correlation  lengths  were 
recalculated  just  as  with  the  complete  data  set.  The  correlation 
length  thus  determined  closely  matched  the  optically  calculated  value 
at  2 cm  derived  above. 

The  variance  also  was  shown  to  be  consistent  with  the  optical 
data.  To  understand  this,  consider  first  the  form  of  the  Zernike  poly- 
nomials. 

p cos  0;  p sin  0 
2 p2-1 

p2  cos  2 0;  p2  sin  0 
(3p2-2)pcos  9;  (3p2-2) 

Tilt  translates  the  image,  focus  converges  (diverges)  the  image, 
astigmatism  is  one-dimensional  focus  causing  nonlinear  convergence  as 
the  axis  is  rotated,  coma  adds  third  order  distortion.  It  is  obvious 
that  the  first  attempt  correlate  turbule  size  has  some  error.  In  fact 
for  a turbule  of  size  D has  all  p2  terms,  not  just  pure  focus. 

Turbules  of  size  20  centered  in  the  aperture  can  likewise  yield  a focus 
contribution.  Only  when  these  turbules  are  off  center  do  they  approxi- 
mate the  tilt  or  p terms.  Therefore  clipping  all  * that  are  2D  and 
greater  removes  some  focus  and  astigmatism  components  resulting  in  a 
variance  (deviation)  greater  than  the  optical  o q_q  and  less  than 
0 0-2*  By  using  the  aerodynamic  data  for  the  middle  probe  only 
matching  the  convection  velocity  with  clipped  density  profile  results 


tilt  p terms 
focus  } 

•astigmatism)  p term 
p sin  0 coma  p3  terms 
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in  a °CLIPPEDAERO  s *144.  By  using  the  aerodynamic  data  for  all  five 
probes  with  the  average  velocity  it  can  be  shown  the  effect  of  the 
error  of  using  that  velocity  instead  of  the  actual  velocity  at  the 
probe  point  is  to  clip  some  turbule  data  at  75%  of  D which  seems  to 
include  p3  Zernike  component.  This  can  be  visualized  comparing  figure 
6 a and  b.  The  data  tends  to  confirm  this  theory. 

°®aero  * *25  ^ 
aopt0-2  55  -20  x 
aaeroX>2D  = -144* 
c aero  X>  1.5D  s -13  x 
°opt0-8  ■ -!2  x 

Thus  we  conclude  for  turbules  > 4D  aperture  size,  the  effect  of 
the  aperture  is  to  basically  remove  tilt;  for  turbules  3/4  to  2D,  the 
effect  is  tilt,  focus  and  astigmatism  removal;  for  turbules  1/2  to 
3/4D,  the  effect  is  tilt  through  coma  removal.  This  matches  the  com- 
parison of  aerodynamic  and  optical  deviations  given.  Therefore  the 
spatial  correlation  between  aerodynamic  and  optical  measurement  is  con- 
firmed. 

As  a final  note  in  this  experiment,  1/2  the  data  was  taken  with 
horizontally  induced  fringes  and  1/2  with  vertically  induced  fringes. 

It  is  noted  that  the  deviations  obtained  from  the  flow  wise  inter- 
ferograms  matched  those  of  the  normal  fringe  interferograms.  This  says 
for  aerodynamic  flows,  that  20  or  so  fringes  across  an  interferogram  is 
accurate  enough  not  to  perturb  the  statistical  results.  Further  a 
study  of  up  to  100  interferograms  per  condition  showed  that  an  ensemble 
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FIGURE  6a  Zernike  Polynomials 
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of  15  random  holograms  yielded  statistically  equal  results.  Finally  a 
procedure,  for  which  Rocketdyne  Corporation  can  be  truly  proud,  auto- 
mated interferogram  reduction  so  that  they  averaged  40  interferograms 
reduced  per  day  and  peaked  at  70  per  day.  This  capability  will  allow 
follow-on  experiments  near  next  day  turnaround  of  much  data. 
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AUTOMATED  REDUCTION  OF  INSTANTANEOUS  FLOW  FIELD  IMAGES 


Abstract.  An  automated  data  reduction  system  for  the  analysis  of 
interference  fringe  patterns  obtained  using  the  Particle  Image 
Velocimetry  technique  is  described.  This  system  is  based  on  digital 
image  processing  techniques  which  have  provided  the  flexibility  and 
speed  needed  to  obtain  more  complete  automation  of  the  data  reduction 
process.  As  approached  here,  this  process  includes:  scanning/searching 
for  data  on  the  photographic  record,  recognition  of  fringe  patterns  of 
sufficient  quality,  and  finally  analysis  of  these  fringes  to  determine  a 
local  measure  of  the  velocity  magnitude  and  direction.  The  fringe 
analysis  as  well  as  the  fringe  image  recognition  are  based  on  full-frame 
autocorrelation  techniques  using  parallel  processing  capabilities. 

Key  words:  automated  fringe  analysis,  particle  image  velocimetry 
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1.  INTRODUCTION 


A number  of  photographic  metrology  techniques  in  solid  and  fluid 
mechanics  have  evolved  which  rely  on  multiple  exposure  recording  of 
particle  or  speckle  images. Using  these  techniques,  the  translation 
of  a photographed  subject  is  recorded  between  multiple  exposures  and 
used  as  an  instantaneous  measure  of  local  in-plane  subject  motion.  For 
example,  in  application  to  fluid  flows,  an  illuminated  plane  within  the 
flow  is  the  subject  and  the  motion  of  seeding  particles  as  they  follow 
the  flow  are  recorded  from  that  plane.  A typical  optical  arrangement 
for  such  an  application  is  shown  in  Fig.  1.  The  resulting  photographic 
recording  may  then  be  evaluated  to  yield  an  instantaneous  velocity  field 
map  in  the  illuminated  plane.  Due  to  the  quantity  and  type  of  data  to 
be  evaluated,  automation  of  the  data  reduction  process  is  instrumental 
in  making  these  photographic  techniques  into  valuable  measurement  tools. 

Various  approaches  have  been  taken  for  evaluation  of  the  local  image 
displacements  from  the  photographic  record.  A common  approach  has  been 
to  locally  illuminate  the  film  using  a small  low  power  laser  beam  to 
generate  an  interference  pattern.2 * * 5-'  This  interference  pattern  is  a 
parallel  set  of  Young's  fringes  if  the  image  displacement  is  uniform 
within  the  locality  being  interrogated.  The  technique  transforms 
discrete  particle  or  speckle  images  into  a spatial  pattern  which  may  be 
analyzed  for  its  periodic  content.  Alternately,  the  local  images  may  be 
digitized  and  analyzed  directly  to  obtain  their  orientation  and 
spacing.*  The  ability  to  undertake  these  image  processing  tasks  is 
enhanced  through  the  use  of  high  speed  digital  image  processing 
hardware.  These  capabilities  can  handle  the  large  quantities  of  image 
data  involved  and  provide  the  flexibility  for  automation  of  the  various 
data  reduction  processes. 

The  complete  automation  of  the  data  reduction  process  consists  of  a 
number  of  stages,  including  scanning  and/or  searching  of  the  photograph 
by  the  interrogation  beam  to  find  data  in  the  form  of  interference 
fringes,  recognition  of  good  quality  fringes,  and  finally  analysis  of 
these  fringes  to  obtain  the  required  information.  This  process  depends 
on  the  type  of  data  to  be  processed,  and  hence  on  the  manner  in  which 
the  data  was  photographically  acquired.  The  data  acquisition  process  is 
therefore  described  and  can  be  found  in  section  2.  The  subsequent 
processing  of  fringe  images  is  discussed  in  section  3«  Finally,  the 
integrated  data  reduction  system  is  described  in  section  h where  a 
reduced  set  of  data  is  also  presented. 


2.  PHOTOGRAPHIC  DATA  ACQUISITION 

A number  of  photographic  techniques  have  been  utilized  to  obtain 
instantaneous  velocity  field  measurements  in  fluid  flows.  The  Particle 
Image  Velocimetry  (PIV)  technique  has  been  employed  here  using  a pulsed 

ruby  laser  to  provide  a well  collimated  light  source  of  sufficient 

energy  density.  As  was  shown  in  Fig.  1,  the  laser  beam  illuminates  a 
thin  planar  region  of  the  flow  field  which  has  been  lightly  seeded. 
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This  is  in  contrast  to  the  Laser  Speckle  Velocimetry  (LSV)  technique 
which  requires  more  highly  concentrated  seeding  so  that  laser  speckle  is 
observed  instead  of  actual  particle  images.  The  relative  merits  of  the 
PIV  and  LSV  techniques  have  been  reviewed  by  Adrian. 9 

The  desired  application  of  PIV  here  is  to  medium  and  high  speed  air 
flows  in  wind  tunnel  studies.  The  first  reported  application  of  this 
technique  in  air  was  due  to  Meynart^,  who  considered  a small  low 
Reynold s-number  jet.  For  practical  use  in  most  wind  tunnel  applications 
a larger  probe  area  is  desirable.  Therefore  a number  of  difficulties 
must  be  addressed  in  terms  of  the  required  laser  output  energy,  the  film 
sensitivity  and  the  provision  of  adequate  flow  seeding. 

For  the  application  described  here  a relatively  large  area  was  to  be 
probed,  covering  approximately  130  square  centimeters.  The  probe  region 
was  illuminated  by  a Q-switched  ruby  laser  which  was  operated  in  a dual 
pulse  mode.  To  obtain  the  required  energy  density  in  the  illumination 
sheet  the  laser  was  operated  in  multimode,  yielding  a total  output 
energy  of  2-3  Joules.  While  this  mode  of  operation  provides  the  needed 
output  energy,  a number  of  problems  arise  due  to  the  reduced  beam 
collimation  in  the  multimode  configuration.  These  factors  are  discussed 
below  in  particular  with  regard  to  selection  of  an  appropriate  seeding 
density. 

The  illuminated  probe  plane  was  imaged  from  90  degrees  at  a 
magnification  close  to  one  using  a Schneider  220mm  f/5.6  lense. 
Spherical  aberrations,  primarily  coma,  were  reduced  to  an  acceptable 
level  by  stopping  this  lense  down  to  between  f/8  and  f/11.  The 
resulting  particle  images  were  recorded  on  Kodak  2415  cut  film  which  has 
sufficient  resolution  (320  lines/mm)  and  good  sensitivity  in  the  red. 
However  due  to  the  required  lense  settings,  it  was  necessary  to  preflash 
the  film  to  a density  of  0.3  so  that  image  contrast  was  optimized.^  It 
is  apparent  that  the  scattered  light  levels  experienced  here  were 
marginal.  This  is  in  agreement  with  the  predictions  of  Adrian^,  which 
were  repeated  here  for  the  appropriate  seeding  material. 

As  with  other  laser  velocimetry  techniques,  providing  the  correct 
seeding  in  a wind  tunnel  application  is  difficult.  This  is  especially 
true  for  PIV  where  relatively  high  seeding  density  must  be  introduced 
without  affecting  the  flow  quality.  In  these  experiments  water  droplets 
generated  by  an  ultrasonic  atomizer  provided  the  necessary  seeding. 
While  water  is  less  than  ideal  from  an  optical  standpoint,  it  was  found 
to  be  a practical  choice  for  use  in  the  open  return  wind  tunnel  facility 
used  here.  The  resulting  particle  size  was  found  photographically  to  be 
equal  to  or  less  than  the  diffraction  limited  spot  size  of  the  imaging 
system,  that  is  approximately  20  microns. 

In  most  cases  it  is  desirable  to  provide  a nominal  seeding  density 
such  that  the  particles,  and  hence  the  resulting  data,  are  continuously 
distributed.  However,  using  a multimode  illumination  beam,  additional 
particles  are  marginally  illuminated  toward  the  edges  of  the  sheet. 
These  unwanted  particles  only  contribute  to  noise  in  the  data  reduction 
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process.  This  effect  was  reduced  by  using  relatively  sparce  seeding  so 
that  nominally  only  one  particle  image  pair  would  be  present  in  the 
interrogaton  area  a time.  As  a result,  the  distribution  of  data  on  the 
film  could  no  longer  be  assumed  to  be  continuous,  a fact  which  the  data 
reduction  processes  had  to  accommodate. 

Another  characteristic  of  the  fringe  data  which  must  be  recognized  by 
the  data  reduction  system  is  the  presence  of  cross  interference  fringes. 
This  is  particularly  true  for  dual  pulse  mode  which  is  most  sensitive  to 
the  presence  of  two  particle  image  pairs  within  the  interrogation  spot. 
It  is  threrefore  desirable  that  the  data  reduction  system  be  capable  of 
rejecting  images  having  levels  of  cross  interference  above  some 
tolerable  limit. 


3.  DATA  REDUCTION  BY  FRINGE  ANALYSIS 

The  question  of  fringe  analysis  for  the  purpose  of  extracting 
quantitative  information  from  photographed  images  is  addressed  here. 
With  the  objective  of  automation,  the  approach  has  been  to  implement 
analysis  algorithms  within  the  framework  of  the  digital  image  processing 
capabilities  available.  These  capabilities  include  high  speed  video- 
rate digitizing,  multiple  image  plane  memories,  and  parallel/pipeline 
image  processing.  These  processing  capabilities  allow  a series  of 
algebraic  and  Boolean  operations  to  be  performed  between  image  planes  in 
one  video  frame  time.  The  ability  to  perform  full-frame  manipulations 
is  desirable  for  fringe  analysis  and  is  often  necessary  due  to  the 
presence  of  speckle  noise  and  diffracton  halo  distortion.  Given  that 
parallel  analysis  of  entire  fringe  images  is  to  be  conducted,  the  speed 
of  the  data  reduction  process  is  then  primarily  a function  of  the 
relative  complexity  of  a given  analysis  algorithm. 

A general  approach  to  the  analysis  problem  would  be  the  application 
of  a 2-D  fast  Fourier  transform  to  the  fringe  image.  However  this 
general  approach  is  unnecessarily  complex  given  that  a good  deal  of  a 
priori  knowledge  is  available  concerning  the  fringes  being  analyzed. 
That  is,  the  interference  pattern  should  be  composed  of  a parallel  array 
of  fringes  with  the  central  fringe  maximum  crossing  the  center  of  the 
diffraction  halo.  Taking  advantage  of  these  properties,  a full-frame 
autocorrelation  function  similar  to  that  suggested  by  Meynart^  has  been 
implemented  to  extract  the  fringe  spacing  in  a given  direction.  This 
function  was  obtained  by  parallel  processing  the  full  512  by  512  fringe 
image  using  the  relationship: 


R(a) 


<i(-a/2)*i(a/2)>-<i>2 

<i2>  - <i>2 


(i) 
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where  < > denotes  the  mean  value.  In  the  above  expression,  the  image 
mean,  <I>,  and  mean  square  values,  <I^>,  are  assumed  to  be  constants. 
This  condition  is  closely  approximated  by  filtering  the  fringe  image 
with  a Gaussian  neutral  density  filter.  This  filtering  process  has  the 
added  advantage  of  decreasing  the  image  dynamic  range  due  to  the 
diffraction  halo.  For  each  value  of  the  shift,  d,  a single  pass  through 
the  video  processor  is  required,  corresponding  to  a single  video  frame 
time.  The  resulting  128  point  one-sided  autocorrelation  function  shown 
in  Fig.  2 can  be  obtained  in  approximately  five  seconds.  The 
effectiveness  of  the  full-frame  analysis  in  removing  uncorrelated 
speckle  noise  is  evident  in  the  smoothness  of  the  autocorrelation 
function.  Given  this  function,  a FFT  may  be  performed  on  the  host 
computer  to  determine  the  dominant  frequency  component. 3 Alternately, 
since  the  data  is  of  high  quality,  a common  numerical  iteration  scheme 
may  be  used  to  find  the  first  peak  in  R(d).  This  second  method  has  been 
used  such  that  only  the  necessary  points  of  R(d)  are  calculated  in  the 
process.  Convergence  time  along  a given  analysis  direction  is  typically 
two  seconds. 

The  above  operation  must  be  performed  in  at  least  two  directions  to 
provide  the  needed  fringe  wavelength  components  from  which  the  velocity 
magnitude  and  direction  can  be  determined.  However,  in  general  a third 
direction  of  analysis  is  required  to  resolve  the  angular  ambiguity  of 
plus  or  minus  the  resultant  fringe  angle,  as  demonstrated  in  Fig.  3. 
The  actual  choice  of  these  three  analysis  directions  should  depend  on 
the  orientation  of  the  fringes  in  order  to  obtain  the  best  resolution. 

For  an  arbitrary  fringe  orientation,  three  lines  of  analysis  are 
chosen  from  four  optional  directions:  0,  +45,  -45,  and  90  degrees,  such 
that  analysis  along  a direction  closely  parallel  to  the  fringes  is 
avoided.  The  least  desirable  of  the  four  directions  is  marked  by  a 
dominant  frequency  component  which  is  significantly  lower  compared  to 
that  found  in  the  other  three  directions.  Again  this  may  be  reliably 
found  using  the  autocorrelation  function.  To  accomplish  this  quickly, 
the  first  minimum  in  R(d)  is  found  using  large  steps  in  "d"  as  shown  in 
Fig.  4(a).  The  direction  exhibiting  the  longest  approximate  wavelength 
is  the  least  desirable  and  the  analysis  may  then  be  continued  in  the 
remaining  three  directions,  shown  in  Fig.  4(b). 

The  accuracy  of  the  data  acquisition  and  data  reduction  system  is  of 
particular  interest.  Meynart^  performed  a controlled  experiment  and 
found  the  overall  system  accuracy  to  be  1$.  It  was  concluded  that  the 
accuracy  was  ultimately  limited  by  the  film  resolution,  although  the 
individual  error  contributions  were  not  determined  directly.  The  above 
conclusion  was  based  on  the  supposition  that  the  uncertainty  in  the 
recorded  image  position  is  on  the  order  of  the  effective  film  grain 
size.  An  effective  grain  size  for  a film  may  be  expressed  as  the 
inverse  of  the  spatial  resolving  power,  that  is  320  lines/mm  or  3 
microns  for  Kodak  2415.  For  particle  image,  sizes  on  the  order  of  the 
effective  grain  size,  the  uncertainty  in  the  image  position  may  be 
approximated  by  this  grain  size.  However  assuming  a diffraction  limit 
of  approximately  20  microns,  the  image  sizes  can  be  expected  to  be  at 
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least  an  order  of  magnitude  larger  than  the  effective  grain  size.  Under 
these  circumstances  the  location  of  the  image  centroid,  as  determined  by 
the  interrogating  laser  beam,  is  known  to  a precision  significantly 
better  than  the  effective  grain  size.  These  considerations  suggest  that 
an  accuracy  of  better  than  ^%  may  be  possible  if  other  system  errors  can 
be  kept  low.  In  this  respect,  the  relative  merits  of  the  data  reduction 
algorithms  need  to  be  addressed. 

It  is  clear  that  the  full-frame  autocorrelation  function  provides 
significant  advantages  over  less  comprehensive  analysis  techniques.  For 
the  subsequent  determination  of  fringe  spacing  from  this  autocorrelation 
function,  two  techniques  have  been  discussed  in  this  section.  The 
approach  taken  here  has  been  a direct  numerical  iteration  on  the 
autocorrelation  function  instead  of  the  more  robust  but  slower  FFT  of 
the  autocorrelation.  The  resolution  of  this  numerical  iteration  is 
significantly  better  than  one  pixel,  using  curve  fitting  techniques. 
This  resolution  is  as  good  or  better  than  the  resolution  bandwidth 
expected  from  a FFT  of  the  full  autocorrelation  function.  For  example 
if  the  resolution  bandwidth  for  a FFT  calculation  is,  B = 1/(m  + z), 
where  m is  the  number  of  correlation  values  and  z is  the  number  of  added 
zeroes1^  then  a total  record  length  of  2043  is  required  to  obtain  one 
pixel  resolution  at  a nominal  fringe  spacing  of  50  pixels.  This  1-D  FFT 
approach  is  therefore  considered  desirable  only  where  significant  levels 
of  correlated  noise,  or  cross  interference,  is  present.  In  such  a case 
it  is  desirable  to  select  the  dominant  frequency  component. 


4.  APPLICATION  TO  REDUCTION  OF  AERODYNAMIC  DATA 

The  above  fringe  analysis  algorithms  have  been  integrated  into  an 
automated  data  reduction  system.  This  system,  shown  in  Fig.  5,  operates 
on  fringe  images  produced  by  local  coherent  illumination  of  dual 
particle  images  recorded  on  a photograghic  film  which  is  indexed  by  an 
x-y  stage.  The  flexibility  of  the  digital  processing  system  is 
exploited  here  to  tailor  the  reduction  process  to  handle  the  type  of 
data  acquired  in  this  application  of  the  PIV  technique. 

One  of  the  characteristics  of  the  data  considered  here  is  due  to  the 
inhomogeneous  distribution  of  seeding  particles.  While  an  optimum 
seeding  density  is  desired,  nonuniformities  in  the  flow  tend  to 
concentrate  these  particles  in  some  areas,  leaving  other  areas  with 
relatively  sparse  seeding.  This  seeding  problem  is  compounded  by  the 
problem  of  poor  illumination  sheet  definition  discussed  in  section  2. 
For  the  above  reasons,  it  is  not  practical  to  assume  data  on  a regular 
grid  pattern.  The  photographic  record  is  therefore  scanned  using  a grid 
pattern  which  is  modified  by  a local  search  if  data  is  not  present  at  a 
prescribed  grid  point.  This  searching  scheme  is  demonstrated  in  Fig.  6. 

A searching  scheme  such  as  this  assumes  that  fringe  images  can  be 
recognized  when  encountered.  This  recognition  is  initially  contingent 
upon  an  image  variance  threshold  which  must  be  met,  thus  avoiding  areas 
where  no  particles  are  present.  Before  analysis  begins,  an  image  of 
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sufficiently  high  variance  is  further  classified  to  avoid  the  case  of 
multiple  interference  patterns.  The  highly  unidirectional  character  of 
a good  fringe  image  may  be  discriminated  from  a cross-hatched  image  by 
considering  the  four  autocorrelation  functions  used  to  find  the  optimum 
analysis  directions,  discussed  in  section  3.  As  was  shown  in  Fig.  4 the 
wavelength  should  vary  strongly  with  angle  in  a good  fringe  image.  If 
this  is  the  case,  optimum  analysis  directions  can  be  established. 
However,  if  the  angular  dependence  is  weak  as  shown  in  Fig.  7,  the 
optimum  analysis  directions  cannot  be  determined  with  reasonable 
certainty  and  the  image  is  rejected  because  of  cross-hatching. 

The  results  produced  by  the  automated  data  reduction  system  are 
described  below.  The  PIV  technique  has  been  applied  to  the  flow  field 
about  a delta  wing  at  a high  angle  of  attack.  For  this  configuration  a 
pair  of  vortices  are  generated  by  separation  of  the  flow  at  the  sharp 
leading  edge  of  the  wing.  The  acquisition  of  instantaneous  velocity 
field  measurements  is  particularly  desirable  in  an  unsteady  vortex  flow 
field  of  this  type. 

This  test  configuration  is  shown  in  Fig.  8.  The  plan  view  of  half 
the  wing,  in  Fig.  8(a),  shows  the  axis  of  the  leading  edge  vortex  and 
the  field  of  view  of  the  probe  area.  In  this  measurement  the  probe 
plane  is  close  to  being  co-planar  with  the  wing,  diverging  from  the  wing 
apex  by  an  angle  of  only  1.5  degrees,  as  shown  in  the  side  view  of  Fig. 
8(b).  At  this  location  the  probe  plane  is  between  the  wing  surface  and 
the  plane  of  the  vortex  core.  The  cross  section  of  the  expected  vortex 
flow  field  is  shown  in  Fig.  8(c).  The  primary  features  of  the  flow 
include  the  secondary  vortex,  V2,  generated  by  the  primary  one,  V.,,  and 
the  secondary  separation  line,  s.i.,  separating  the  two. 

The  automated  data  reduction  system  has  been  used  to  reduce  the 
photographic  data  within  the  area  which  was  shown  in  Fig.  8(a).  This 
reduced  data  is  shown  in  Fig.  9.  Also  shown  is  the  secondary  separation 
line  which  is  evident  in  the  original  particle  image  photograph  by  the 
collection  of  seeding  particles  along  that  line.  Finally,  the 
approximate  location  of  the  primary  vortex  core  projected  down  to  the 
measurement  plane  has  been  drawn  at  an  angle  of  11  degrees  to  the 
leading  edge.  The  data  was  obtained  at  a free  stream  velocity  of  10 
m/sec  and  is  typical  of  the  data  taken  in  this  turbulent  vortex  flow 
using  the  PIV  technique.  This  particular  set  of  data  gives  an 
instantaneous  quantitative  measure  of  the  unsteady  vortex  flow  and  its 
viscous  interaction  with  the  wing  surface.  These  velocity  measurements 
demonstrate  the  feasibility  of  this  type  of  instantaneous  flow  field 
measurement  technique  in  the  wind  tunnel  application.  The  increased 
level  of  automation  has  also  made  the  technique  more  desirable  as  a 
research  tool. 


5.  SUMMARY  AND  CONCLUSIONS 

An  automated  fringe  analysis  system  based  on  digital  image  processing 
techniques  has  been  presented  which  provides  a high  level  of  flexibility 
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without  compromising  speed.  As  a result,  a more  comprehensive 
automation  of  the  data  reduction  process  has  been  made  possible.  This 
automated  data  reduction  process  includes  scanning  and  searching  of  the 
photographic  record,  recognition  of  good  quality  fringes,  and  analysis 
of  these  fringes.  The  fringe  analysis  itself  is  based  on  a full-frame 
autocorrelation  which  collapses  the  the  available  information  into  a 
function  of  a single  variable,  minimizing  uncorrelated  noise  in  the 
process.  Since  noise  has  been  minimized  without  loss  of  coherent 
information,  the  autocorrelation  provides  an  accurate  basis  from  which 
the  wavelength  component  in  a given  direction  may  be  computed. 

The  actual  technique  used  to  obtain  the  wavelength  from  the 
autocorrelation  function  may  be  varied  depending  on  the  level  of  noise 
and  cross  interference  present  in  the  image.  For  nominal  noise  levels 
and  low  levels  of  cross  interference  a numerical  iteration  to  find  the 
wavelength  has  been  advantageous.  The  accuracy  of  these  measurements 
should  not  be  limited  to  1%  by  the  available  film  resolution.  However, 
for  high  levels  of  cross  interference  an  FFT  of  the  autocorrelation 
function  may  be  necessary  to  isolate  the  desired  frequency  component. 

Simplification  of  the  data  reduction  process  should  result  from 
improvements  in  the  quality  of  the  photographic  data.  Significant 
improvements  may  be  be  attained  through  use  of  a monomode  laser  and 
improved  seeding  material.  Problems  with  cross  interference  will  be 
reduced  by  multiple  pulsing  instead  of  just  dual  pulse  illumination. 
This  will  also  improve  accuracy  through  the  effective  thinning  of  the 
fringes.  Further  reductions  of  cross  interference  problems  may  be 
obtained  by  adjusting  the  interrogation  spot  diameter  based  on  the  local 
flow  scales. 
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low  angular  dependence,  (b)  Fringe  image  rejected  because  of 
cross-interference . 

8.  Aerodynamic  test  configuration,  (a)  Plan  View;  L.E. -leading 
edge,  £ -measurement  area,  0-reduced  data,  s.l. -secondary 
separation  line,  V. -primary  vortex  core,  (b)  Side  View; 
W-wing  surface,  (c)  Cross  section  C;  S-secondary  separation 
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9.  Reduced  data,  L.E. -leading  edge,  s.l. -secondary  separation 
line,  V^ -primary  vortex  core. 
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AABSTRACT 

In  order  to  visualize  and  investigate  spray  structures,  computed 
tomography  technique  is  applied  to  analyse  droplet  information.  From 
the  transmitted  light  intensity  through  the  spray  and/or  the  data  of 
particle  size  distribution  obtained  from  a Fraunhofer  diffraction 
principle,  the  quantitative  volume  of  spray  droplet  or  local  particle 
size  was  calculated  and  the  reconstruction  of  spray  structures  was 
made. 

This  paper  describes  the  background  of  computed  tomography  and 
some  experimental  results  of  the  structure  of  intermittent  spray 
such  as  diesel  spray. 


1.  INTRODUCTION 

In  order  to  visualize  and  investigate  spray  structures, 
non-intrusive  measurement  technique  has  been  studied.  From  the 
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transmitted  light  intensity  through  the  spray,  a qualitative 
information  of  droplet  size  and  their  number  density  will  be 
expected.  For  this  purpose  a compueted  tomography  technique  was 
introduced  (Ref.  1),  and  the  reconstruction  of  spray  structures  was 
made  (Ref.  2). 

Visualization  technique  is  wanted  for  studies  in  heat  transfer 
and  mass  transfer,  and  particularly,  for  vaporizing  process  in  hot 
spray  (Refs.  3,  4).  During  recent  years,  it  has  come  to  receive  a 
large  amount  of  attention  to  these  field,  but  we  can  not  find  out  any 
paper  on  visualization  of  vaporizing  phenomena  of  spray. 

This  computed  tomography  method  will  be  applied  to  analyse  the 
droplet  size  distribution  of  spray  such  as  industrial  atomizer,  disel 
nozzle  and  so  on.  And  it  will  contribute  to  analyse  on  hologram. 

This  report  presents  the  background  of  computed  tomography  and 
some  experimental  results  of  spray  structure  of  intermittent 
injection  such  as  diesel  nozzles. 

2.  BACK  GROUND  OF  COMPUTED  TECHNOLOGY 


As  shown  in  Figure  1,  let  a coordinate  system  fixed  on  the 
subject  be  (x,y),  and  a coordinate  obtained  by  rotating  the  former 
through  degree  0 be  (X,Y).  When  a beam  parallel  to  this  Y axis  and 
with  an  intensity  of  Io  is  made  to  impinge  on  an  object  with  light 
absorption  coefficient  distribution  of  f(x,y),  the  intensity  of  light 
after  transmitting  through  such  an  object  is  given  by  Equation  1. 

^/■^0  = exp(^~|_cn/(-^  cos  0—  Y sin  0,  X sin  0+  Y cos  0)d  yj  ••••  (1) 
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The  logarithmic  transformation  g(X,0)  of  this  attenuation  rate  is 
called  "Projection  Data",  which  is  represented  by  Equation  2. 

g(X,  <9)  = f f(X  cos  0—  Y sin  0,  X sin  0+  Y cos  d)dY  (2) 

J -oo 

By  determining  this  X value  from  -go to  + <*>,  one-dimensional 
projection  data  is  obtained.  Let  us  then  determine  this  one- 
dimensional projection  data  for  the  range  of  (K9<27T.  There  are  two 
main  methods  to  reconstruct  tomograms  from  the  projection  data  so 
obtained,  namely  the  iterative  method  and  the  analytical  method.  In 
the  former  method,  projection  data  generated  from  estimated 
absorption  coefficient  distribution  is  compared  with  that  measured 
for  sucssecive  correction.  In  practice,  the  analytical  method  is  more 
widely  used  because  of  less  calculation  time  requirement  and  the 
higher  accuracy  it  offers.  One  of  the  simplest  yet  strict  analytical 
methods  is  the  Fourier  transformation  method.  Fourier  transformation 
F(^,^)  of  f(x,y)  when  expressed  by  polar  coordinates  gives  Equation 
3. 


F(a>  cos  6,  <j  sin  6)  = 


g{X,  0)cxp(  — i(oX)dX 

CO 


(3) 


Therefore,  f(x,y)  can  be  determined  by  Fourier  inverse  transformation 
of  F(£,^).  A mathematical  equivalent  method  is  to  perform  Fourier 
inverse  transformation  of  Equation  3 on  polar  coordinates  to  obtain 
Equation  4. 


f(Xt  y)  =i/(8x2)jJ’Tc|”  F(w  COS0,  0)  sin  0)\cj\e.xp(icuX)daj')dO 


-(4) 
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Namely,  by  applying  a filter  function  expressed  as  to  to  F^,^)  and 
superimposing  by  inverse  projection,  the  image  is  reconstructed.  This 
method  is  called  "Filtered  back  projection  method"  (Ref.  5).  By 
convolution  of  Fourier  inverse  transformation  h(X)  of  this  filter 
function  in  the  original  region.  Equation  4 can  be  transformed  into 
Equation  5. 

/U,  !/)=1/(4tt)  dO  (5) 

This  method  is  called  "convolution  method"  (Ref.  6),  which  is  adopted 
in  the  present  work. 

The  filter  functions  diverges  as|tu|increases  and  hence  the 
equation  does  not  lend  itself  to  strict  calculation.  Therefore,  it  is 
necessary  to  attenuate  this  function  in  regions  where  to  is  large. 
Various  filter  functions  have  been  proposed. 

Let  the  sampling  number  in  X direction  and  the  number  of 
rotational  movements  be  M and  N respectively  for  each  equation.  Then, 
a determinant  with  MxN  matrix  G(X,9)  and  MxN  matrix  H can  be  obtained 
as  indicated  by  Equation  6. 

Q(X,d)=H‘G(X,  8)  (6) 

This  equation  is  to  calculate  inverse  projection  and  takes  as  f(x,y) 
the  sum  of  q(X,0)  for  all  0 relative  to  the  point  (x,y)  of  interest. 
However,  q corresponding  to  the  point  (x,y)  is  not  necessarily  on 
sample  point  of  q(X,8)  and  in  such  case,  interporation  is  made  using 
sample  points  at  both  ends. 

Figure  2 shows  the  flow  chart  of  the  calculation  in  computing. 

The  measured  projection  data  then  undergo  matrix  calculation  with 
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precalculated  and  filed  filter  function  matrix.  By  back  projection  of 
the  resultant  q(X,0),  f(x,y)  is  obtained,  which  is  displayed 
according  to  the  display  conditions  that  can  be  set  s desired. 

Generally,  it  is  said  that  transformation  of  filter  functions  for 
correction  of  projection  data  used  in  Equations  5 and  6 has 
significant  influence  on  quality  of  the  reconstructed  image.  In  this 
work,  the  modified  filter  function  of  modified  Shepp  and  Logan  (Ref. 
7)  which  is  the  commonest  is  used. 

Of  course,  the  more  samplings  there  are  and  the  greater  number  of 
rotary  movements,  the  higher  is  the  quality  of  reconstructed  image, 
but  a compromise  must  be  found  because  of  limitations,  such  as 
measuring  instrument  accuracy,  resolution,  computer  memory  size,  CPU 
time  etc.  This  work  deals  with  liquid  spray  particles  which  are 
macroscopically  stable  both  in  time  and  space,  but  when  a small 
portion  is  considered,  each  particle  is  constantly  moving  and  hence 
it  is  necessary  to  average  them  to  some  extent  in  time  and  space  for 
data  sampling.  Thus,  it  serves  no  purpose  to  attempt  to  improve  the 
sampling  resolution  more  than  necessary.  In  view  of  this  image 
quality  and  time  for  computation,  it  was  decided  to  select  61  sample 
points(reconstruction  image  pixels  61  x 61)  and  30  rotary  movements 
with  6 degree  increments,  which  are  also  considered  industrially 
applicable.  In  this  work,  measurement  is  done  based  on  these 
coditions. 


3.  EXPERIMENTAL  APPARATUS  AND  METHODS. 

3.1  Experimental  apparatus 

In  order  to  visualize  and  analyse  the  spray  structure  and 
estimate  the  spray  particle  size  or  their  spatial  density,  the 
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distribution  of  the  transmitted  light  i ntensi ty  was  measured,  and  the 
reco  instruction  data  of  spray  was  calculated  by  CT  technique, 
respectively. 

The  transmitted  light  intensity  is  pictured  by  35mm  photo  or 
detected  by  TV  camera  (Type  C-1000,  Hamamatsu  TV)  which  is  controlled 
by  small  comuter  (LSI  11/23:  DEC).  The  reconstruction  of  pictures  of 
spray  was  displayed  on  CRT  (NEXUS  5500:  Kashiwagi  Lab.)  or  X-Y 
pi  otter. 

Fig.  3 shows  a block  diagram  of  the  hardware  utilized  in  this 
study.  Images  are  created  by  dierect  imaging  of  a spray  sample  area 
on  a high  resolution  visicon  camera.  This  camera  has  a resolution  of 
8 bit  and  1024x1024  pixecels. 

3.2  Application  of  Computed  Tomography  to  sprays 

Assume  a particle  group  with  n particles  of  diameter  D in  unit 
volume.  Then,  the  attenuation  of  parallel  incident  light  caused  by 
such  a group  is  given  by  Equation  7. 

I/Io  =exp[-RKt(*D74  )nl]  (7) 

where  Io  is  the  incident  light  intensity,  I is  the  light  intensity 
after  passing  through  the  particle  group,  Kt  is  the  total  scatter 
coefficient,  1 is  the  optical  path  length  through  the  particle  group 
and  R is  a coefficient  that  depends  on  the  particle  size  parameter  (X 
( OC  = 7T D/ 7^  , where  \ is  incident  light  wave  length)  and  optical 
system.  The  total  scatter  coefficient  Kt  is  known  to  be  nearly 
constant  at  2 when(X>30.  In  the  case  visible  rays  of\=400  to  700nm, 
D>  1 0 jjm  and  hence (7\>45.  As  a result,  Kt  may  be  considered  nearly 
constant.  R is  less  influenced  by$  when  the  recieving  angle  is 
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narrower.  If  the  receiving  angle  is  small  and  particle  size 
distribution  is  limited  to  a narrow  range,  R is  nearly  constant. 
Therefore,  the  sum  of  particle  sectional  areas  HDn/4  corresponds  to 
f(x,y)  of  the  Equaton  1.  Thus,  from  the  projection  data  obtained  by 
this  light  attenuation,  the  density  distribution  of  particle  area  on 
the  spray  section  can  be  obtained. 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


In  order  to  confirm  the  reliability  of  reconstruction  data  by  CT 
technique,  the  relations  between  the  distribution  of  the  transmitted 
intensity  and  the  measured  dispersion  rate  of  spray  were  verified  on 
the  swirl  chamber  atomizer. 

The  dispersion  rate  was  measured  by  one  dimentional  line  type 
paternator  and  the  reconstructed  picture  equivalent  to  dispersion 
rate  was  calculated  by  Computed  Tomography  technique,  in  which  the 
data  of  the  transmitted  light  intensity  distribution  was  used. 

The  diameters  on  various  point  were  claculated  by  means  of  two 
kinds  of  CT.  They  are  the  transmitted  light  energy  method  as  above 
mentioned  and  a Fraunhofer  diffraction  energy  distribution  method  by 
using  the  particle  sizer  ( ST-2600HSD) . 

The  reconstruction  data  of  droplet  concentration  and  the  measured 
value  of  dispersion  quantity  are  shown  in  Fig.  4.  These  results  were 
normalized  by  their  maximum  amount,  respectively.  This  calculated 
concentration  is  called  as  relative  concentration.  Judging  from  the 
figure,  they  are  coincide  with  each  other,  and  hence,  this  evaluation 
method  is  effective  in  the  research  of  spray  structures. 

Applying  an  onion  model  to  an  axi-symmetric  spray,  local  droplets 
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diameter  and  the  droplet  size  distribution  will  be  obtained  in  near 
future. 

Figs.  5 and  6 show  the  reconstructed  image  data  of  disel  spray. 
Pusudo  colour  maps  corresponding  to  the  concentration  of  pari  cl es  are 
pictured.  As  well  known,  disel  spray  injection  is  a kind  of 
intermittent  one,  so  instantaneous  data  which  were  taken  during  the 
exposure  time  of  75  nano  second. 

Fig. 5 snows  the  spacial  spray  concentration  injected  from 
throttle  nozzle  at  1.1  ms  after  opening  injection  and  each 
reconstructed  image  photo  shows  the  data  of  cross  section  at  the 
positions  of  10,  20,  30,  and  40mm  from  nozzle.  Fig. 6 presents  the 
data  of  spray  particle  density  change  with  time  at  30  mm  position 
from  the  nozzle  tip.  Comparison  of  Figs.  5 and  6 indicates  that  with 
diesel  spray,  later  sprayed  particles  catch  up  with  and  overtake 
preceding  particles. 

On  observing  the  phenomena  of  the  diesel  injection,  they  are 
complex  and  non-steady,  so  we  need  to  develop  new  measuring  equipment 
for  particle  size  and  its  distribution.  For  example,  it  is  a 
automatic  data  reduction  system  from  hologram.  We  are  now  undergoing 
to  develop  and  fabricate  prototype  of  automated  data  reduction  system 
with  auto  focus  and  stage  system. 


5.  SUMMARY 

A novel  visualization  method  of  spray  structure  was  presented  and 
the  pictures  of  the  internal  strucures  of  swirl  chamber  atomizer  and 
disel  injection  spray  atomizer  were  reconstructed  by  Computed 
Tomography  technique. 
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This  method  is  useful  for  qualitative  estimation  of  spray 
structure  and  particularly,  for  visualization  of  evaporation  and/or 
combustion  phenomena  of  particles. 
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Comparing  between  CT  and  sampling  method  on 
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20  mm  30  mm 


Fig. 5 Image  of  diesel  spray  structure  by  Computed  Tomography 
Psudu  color  corresponding  to  spray  concentration 
(Throttle  nozzle  for  Diesel  Engine) 
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0.9  ms 


Time  dependence  of  spray  density  distribution 
by  CT  method 

(Throttle  nozzle  for  diesel  engine) 
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Abstract 


The  size  distribution  of  a particle  field  hologram  is  obtained  with  a 
Fourier  transformation  of  the  Fraunhofer  diffraction  pattern  of  the 
reconstructed  hologram.  Off-axis  absorption  holograms  of  particle 
fields  with  known  characteristics  were  obtained  and  analyzed  with  a 
commercially  available  instrument.  The  mean  particle  size  of  the  recon- 
structed hologram  was  measured  with  an  error  of  ±5%,  while  the  distribu- 
tion broadening  was  estimated  within  ±15%.  Small  sections  of  a pulsed 
laser  hologram  of  a synthetic  fuel  spray  were  analyzed  with  this  method 
thus  yielding  a spatially  resolved  size  distribution.  The  method  yields 
fast  and  accurate  automated  analysis  of  particle  field  holograms. 

Introduction 


Pulsed  laser  holography  has  been  a very  powerful  technique  to  charac- 
terize particle  fields  in  complex  environments.  Examples  are  studies  of 

1 2 2 

pulverized  coal  combustion1,  fuel  sprays  , and  explosions  . However, 
its  use  has  been  restricted  because  of  the  tedious  effort  required  to 
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reconstruct  and  analyze  particle  field  holograms.  The  analysis  of  holo- 
grams has  been  performed  by  taking  photographs  at  various  planes  of 
interest  and  then  analyzing  the  photographs  in  computerized  image  analy- 
zers. This  suffers  from  various  shortcomings.  The  most  important  are: 
photographic  images  have  associated  depths  of  field  which  lead  to  size 
errors;  the  process,  even  though  more  automated  than  the  more  primitive 
visual  analysis,  is  still  tedious.  Recently,  a technique  using 
Fraunhofer  diffraction  analysis  was  introduced^.  This  technique  bases 
the  size  measurement  in  the  Fourier  transform  analysis  of  the  light  dif- 
fracted by  an  ensemble  of  particles  illuminated  by  a laser  beam.  The 
direct  analysis  of  a particle  field  with  such  method  has  been  used  quite 
extensively^.  The  logic  proposed  in  reference  [3]  is  that  since  the 
Fourier  transform  of  the  Fraunhofer  diffraction  pattern  of  an  ensemble 
yields  the  size  distribution,  such  transformation  will  also  yield  the 
size  distribution  if  the  particles  are  substituted  by  a particle  field 
hologram. 

q 

This  technique  was  tested  in  connection  with  on-line  holograms,  and 
its  application  was  illustrated^  in  the  measurement  of  pulsating  fuel 
sprays.  There  are,  however,  problems  associated  with  reconstructing  on- 
line holograms  such  as  deterioration  of  the  reference  beam  and  confusion 
between  the  real  and  virtual  images. 

The  approach  chosen  by  the  authors  and  discussed  in  this  paper  was  to 
use  off-axis  holography  in  conjunction  with  Fourier  transform  analysis. 
Particle  fields  of  known  characteristics  were  measured  and  compared. 

The  results  show  that  for  Rossin  Rammler  size  distributions  the  mean 
size  was  predicted  very  accurately  (±5%),  while  larger  errors  were 
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experienced  In  the  broadening  parameter  (±15%).  Some  of  these  errors 


and  inconsistencies  were  associated  with  instrument  alignment  and  extra- 
neous noise  which,  for  the  most  part,  can  be  eliminated,  primarily  by 
increasing  the  diffraction  efficiency  of  the  holograms. 

The  interface  of  pulsed  laser  holography  with  a Fourier  transform 
analyzer  of  the  diffracted  light  will  greatly  extend  the  capabilities  of 
both.  The  former  will  benefit  from  fast  almost-in-line  data  reduction. 
The  later  which  is  a much  slower  process  when  used  in  conjunction  with 
holography  will  provide  data  unattainable  until  now.  Examples  are  part- 
icle sizing  in  turbulent  combust ion  phenomena , where  beam  steering  is  a 
problem  associated  with  light  scattering  techniques;  explosions,  where 
the  events  take  place  in  microseconds;  and  time  dependent  sprays  or 
other  particle  laden  flows  where  it  is  of  interest  to  resolve  the  time 
variation  of  the  particle  field  distribution. 


Theoretical  Discussion 


The  amplitude  scattered  by  a particle  of  radius  a through  an  angle  g 
is  given  by 

A. aJ. (kag) 

A = -i-i (1) 

where  Aj,  is  the  illuminating  amplitude 

is  the  Bessel  function  of  the  first  kind,  and 
k = 2tt/X  and  it  is  assumed  that 
a >>X  the  wavelength  of  light. 
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If  a distribution  of  particle  sizes  f(a)  exists,  then  the  contribu- 
tion by  chose  of  size  between  a and  a + da  is  to  the  amplitude  at  an 
angle  0 is 


f(a)da  aJj(kafJ) 

3 


(2) 


and  the  Cotal  amplitude  in  that  direction  is 


A 


t 


f(a)a  Jj(kag)da 


(3) 


What  is  sought  in  particle  sizing  measurement  is  f(a)  which  is  given 


by 


6 


f(a)  3J1(kag)Q(B)Y1(ka0)d3 

o 


(4) 


where  Y^  is  the  Neumann  function  and 


Q(3) 


=■  [’kV  f] 


(5) 
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The  above  expression  has  been  approximated  numerically  and  is  the 
basis  for  particle  sizing  instruments  based  on  a measurement  of  the 
angular  spectrum  of  scattered  light*  There  is  a one-to-one  correspon- 
dence between  the  angular  spectrum  and  the  Fourier  transform  of  the 
scattered  light,  and  the  latter  is  what  is  usually  measured. 

If  the  wavefront  scattered  by  the  collection  of  particles  is  stored 
in  a hologram  as  an  intermediate  step  and  reconstructed  later  for 
analysis,  it  becomes  of  concern  how  the  ultimate  wavefront  may  differ 
from  the  original  one. 

The  hologram  can  be  represented  by  a transfer  function*  The  ampli- 
tude of  light  reconstructed  from  the  hologram  can  be  written^  (using 
only  one  of  the  two  dimensions) 


Ac(g/X)  = Ai(0/X)  * T(B/X) 


(6) 


where 


T(0/X)  = / t(y)  exp  [j2ir|y]  dy  (7) 

— oo 

The  convolution  has  characteristics  which  can  both  narrow  and  broaden 
the  spectrum.  If  the  hologram  is  too  small,  then  the  spectrum  will  be 
broadened  by  its  own  diffraction.  If  it  is  large  and  perfect,  then  T is 
effectively  unity.  In  practice,  the  transfer  function,  T,  is  more 
likely  to  decrease  gradually  with  0 as  the  film  MTF  decreases  with 
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frequency.  The  effect  is  to  bias  the  distribution  of  f(a)  to  larger 
particles.  These  above  relations  show  that  with  good  practice  the  data 
derived  with  holography  as  an  intermediate  step  can  accurately  emulate 
that  using  the  Fourier  Transform  directly,  and  they  could  be  used  to 
correct  for  holograms  not  having  a unity  transfer  function. 

Experimental  approach 

The  approach  chosen  in  this  study  was  that  of  comparing  the  size  dis- 
tribution obtained  by  analyzing  a known  particle  field  with  that  of  a 
hologram  of  the  same  particle  field.  To  simplify  the  experiment,  the 
particle  field  chosen  was  stationary  thus  allowing  the  use  of  a cw  He-Ne 
laser  for  the  acquisition  of  the  hologram.  The  Fourier  transformation 
was  performed  by  a Malvern  2600  particle  analyzer.  A description  of  the 
apparatus  and  particle  fields  is  now  given. 

Holographic  system 

The  holographic  system  was  a breadboarded,  off-axis,  through  field 
system,  having  separate  object  and  reference  beams,  as  seen  in  Figure  1. 
The  object  beam  was  disturbed  by  a particle  field,  while  the  reference 
beam  was  undisturbed.  The  two  beams  interfere  when  they  overlap  on  a 
holographic  film  plate. 

A 25  mW  Helium  Neon  Laser  (Spectra  Physics  Model  107)  was  used  as  the 
illumination  source.  The  beam  was  split  with  an  uncoated  glass  beam- 
splitter (Newport  Corporation  //20B10NC.1).  A split  ratio  of  4:1  (refer- 
ence to  object  beam)  was  chosen  to  provide  good  reconstruction 
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efficiency  while  remaining  in  the  linear  region  of  the  film.  The  ratio 
was  adjusted  by  varying  the  angle  of  incidence  to  the  beamsplitter,  thus 
changing  the  reflectivity. 

The  reference  beam  was  expanded  using  a 5x  microscope  objective  and 
spatially  filtered  with  a 40  micron  pinhole.  It  was  collimated  by  a 380 
mm  focal  length  achromatic  lens  and  apertured  to  a 10  mm  diameter  nearly 
uniform  intensity  beam.  The  collimated  reference  beam  was  then  directed 
to  the  holographic  plate,  where  its  peak  intensity  was  measured  at  28 
pw/min^. 

A lOx  microscope  objective  and  a 25  micron  pinhole  were  used  to 
expand  and  filter  the  object  beam.  An  achromatic  collimating  lens,  with 
a 125  mm  focal  length,  produced  a Gaussian  object  beam  with  a diameter 
of  10  mm  (1/e  )•  The  object  beam  illuminated  a particle  field  which  was 
imaged  on  the  holographic  plate  by  1:1  magnification  lens  system.  This 
imaging  system  consisted  of  two  50  mm  Olympus  Lenses  positioned  back-to- 
back,  connected  by  bellows.  It  collected  the  forward  scattered  radia- 
tion and  the  unscattered  radiation  and  relayed  them  to  the  holographic 

o 

plate.  The  object  beam  peak  intensity  was  measured  to  be  6.4  pw/mm  • 

The  Fourier  Transform  Analyzer 

The  receiver  of  a Malvern  2600  was  used  to  collect  and  analyze  the 
Fraunhofer  diffraction  field.  A Fourier  transform  lens,  in  the 
receiver,  collects  both  the  forward  scattered  and  unscattered  radiation 
and  focuses  it  onto  a concentric  photodiode  array.  The  scattered  radia- 
tion is  transformed  to  a series  of  diffraction  rings  at  the  focal  plane 
of  the  lens.  Thirty  concentric  half-ring  diodes  receive  these  data 
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which  are  transferred  to  a minicomputer  for  processing.  The  unscattered 
radiation  is  focused  on  a pinhole  at  the  focal  plane  of  the  receiving 
lens.  This  radiation  illuminates  a separate  diode,  indicating  the 
amount  of  unscattered  radiation. 

Figure  2 shows  a photograph  of  the  holographic  system  interfaced  to 
the  Malvern  receiver  which  is  interfaced  to  a microprocessor  based  data 
reduction  system.  The  holographic  recording/reconstruction  system  was 
designed  to  produce  holograms  capable  of  simulating  the  Malvern  trans- 
mitter beam  illuminating  a particle  field. 

Particle  fields 

Two  particle  fields  were  used  throughout  these  experiments.  The 
first  was  a calibration  photomask  (Laser  Electro-Optics  Ltd.®  #RR  50- 
3. 0-0. 08-102. CF)  which  contains  a known  size  distribution  of  circular 
particles.  The  second  was  a particle  field  hologram  of  a spray  of  syn- 
thetic fuel  (SRCII)  acquired  in  a previous  program  using  a pulsed  laser 
holographic  system. 

The  photomask  was  chosen  for  two  primary  reasons: 

1.  It  provided  a known  and  stationary  particle  field  of  which  holo- 
grams could  be  taken  with  a cw  laser. 

2.  Both  the  photomask  and  holograms  of  the  photomask  could  be 
analyzed  and  compared  against  an  absolute  invariable  distribu- 
tion. 
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The  calibration  standard  photomask  consisted  of  a 2-dimensional 
sample  array  of  10,000  circular  discs  of  chrome  deposited  on  a glass 
substrate.  The  discs  are  randomly  oriented  in  an  8 mm  diameter  sample 
area.  The  photomask  contains  a Rossin  Rammler  size  distribution  with 
X * 50  pm  and  a width  parameter  of  3.0  (Figure  3). 

The  particle  field  hologram  described  here  containing  a synthetic 
fuel  spray  was  taken  previously  using  a pulse  ruby  laser  holocamera. 

The  receiving  optics  provided  a premagnification  of  3:1.  It  has  pre- 
viously been  determined,  through  existing  reconstruction  techniques, 
that  the  mean  size  of  the  spray  droplets  in  this  hologram  lies  in  the 
range  from  50  to  100  \xm  (depending  on  location)  which  will  be  inter- 
preted as  150  to  300  pm  on  the  magnified  image  of  3:1. 

Procedure  to  align  the  Malvern  receiver 

The  reconstructed  image  of  the  hologram  must  be  collected  by  the 
receiving  lens  (we  used  the  300  mm  in  all  the  tests)  and  focused  on  the 
diode  array.  Since  the  receiving  lens  of  the  Malvern  has  no  focus 
adjustment,  it  is  important  that  the  reconstructed  unscattered  radiation 
be  collimated  and,  therefore,  produce  a sharp  focus  on  the  hole  in  front 
of  the  center  diode. 

The  receiver  was  then  steered  until  its  optical  axis  was  parallel  to 
the  reconstructed  unscattered  lighty.  It  was  then  translated  vertically 
and  horizontally  until  the  light  beam  entered  through  the  center  of  the 
lens. 

The  final  fine  adjustments  were  made  with  the  adjustment  screws  of 
the  receiver. 
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Signal  level  requirement 


We  established  that  the  radiation  power  of  the  reconstructed  holo- 
graphic image  was  typically  between  .15  mw  and  .25  mw.  This  can  be 
obviously  increased  using  a more  powerful  laser  or  increasing  the  dif- 
fraction efficiency  of  the  hologram  (using  phase  holograms).  Since  the 
Malvern  apparatus  uses  a 2.5  raw  laser,  we  had  to  establish  the  perfor- 
mance of  the  photodiode  array  at  low  power.  The  procedure  consisted  in 
illuminating  the  photomask  with  different  levels  of  laser  power.  For 
this  purpose,  a variable  neutral  density  filter  was  placed  in  front  of 
the  laser  such  that  the  total  power  of  the  light  incident  on  the 
receiver  varied  between  50  pw  and  2.5  mw*  Under  each  one  of  these  laser 
power  levels  we  obtained  a size  distribution  using  the  Rossin  Rammler 
and  the  model  independent  softwares.  Power  levels  of  100  pw  and  more 
produced  the  same  size  distribution  of  the  photomask.  Power  levels 
below  50  pw  were  not  acceptable.  It  was  also  necessary,  in  order  to 
work  with  the  low  power  levels,  to  darken  the  room  to  reduce  background 
radiation.  Based  on  these  results,  it  was  expected  that  the  typical 
150  pw  signal  obtained  from  the  reconstructed  image  would  be  adequate. 
Let  us  point  out  again  that  higher  signal  levels  could  be  attained  by 
reconstructing  with  a more  powerful  laser  or  by  producing  more  efficient 
holograms.  Obviously,  increasing  the  diffraction  efficiency  without 
compromising  the  linearity  would  be  the  preferred  choice  since  part  of 
the  noise  comes  from  scatterers  on  the  emulsion. 
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Results 


Three  particle  fields  were  Fourier  transform  analyzed:  (1)  a cali- 

bration reticle  or  photomask,  (2)  a reconstructed  image  of  a hologram  of 
such  photomask,  (3)  reconstructed  image  of  a spray  hologram. 

The  two  different  softwares  provided  by  Malvern  were  used  where 
appropriate.  The  first  finds  the  best  fit  to  a Rossin  Rammler  distribu- 
tion, while  the  second  is  supposed  to  be  independent  of  a preconceived 
model.  The  values  of  X and  N (defined  below)  were  obtained  with  the 
Rossin  Rammler  distribution  and  are  indicated  in  the  figure  legends  of 
the  model  independent  data. 

The  photomask  data  are  summarized  on  Table  1.  This  table  shows  the 
data  obtained  by  analyzing  the  scattered  light  of  the  reconstructed 
holographic  image  of  the  photomask,  and  also  the  light  scattered  from 
the  direct  photomask.  The  parameters  describing  the  size  distribution 
are  X and  N which  are  the  two  parameters  of  the  Rossin  Rammler  distri- 
bution which  is  given  by: 


V > , (8 

where  V is  the  volume  fraction  of  drop  material  occurring  in  drops  of 
diameter  greater  than  X.  The  volume  distribution  is  given  by: 


d v NXN_1  -(X/X)N 

dX  = X* 
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PHOTOMASK  DATA 
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The  SMD  is  related  to  X and  N by  the  expression: 

SMD  = (10) 

r<‘  - 

To  illustrate  the  effect  of  X and  N on  the  size  distribution.  Figure  4 
shows  two  volume  distributions  corresponding  to  *X  * 50  and  N - 3 and 
3.5.  Large  values  of  N correspond  to  narrow  distributions. 

Light  Energy  Distribution 

The  light  energy  distribution  of  the  photomask  and  its  holographic 
reconstructed  image  were  also  analyzed  (Figure  5).  One  of  the  diffi- 
culties encountered  in  processing  the  holographic  data  stemmed  from  the 
inaccuracy  in  repositioning  the  hologram.  Some  of  the  unscattered 
radiation  would  miss  the  central  diode  and  illuminate  the  second  diode. 
This  will  show  as  a bin  in  the  large  size  band.  Figure  5 illustrates 
this  problem.  Notice  the  large  energy  level  measured  on  Bin  #15  of  the 
holographic  data.  In  general,  however,  the  agreement  shown  between  the 
light  energy  distribution  produced  by  scattering  from  the  real  photomask 
and  the  reconstructed  hologram  is  quite  good.  This  probably  justifies 
the  results  obtained  with  the  Rossin  Rammler  software.  Namely, 

X =*  51.5,  N * 3.7  for  the  reconstructed  hologram,  and  X * 50.6, 

N * 3.4  for  the  direct  photomask.  It  is  not,  however,  clear  why  the  N 
value  of  the  hologram  is  larger  (3.7)  than  the  corresponding  photomask 
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(3.4).  A large  value  of  N is  associated  with  a narrow  distribution  afid 
it  is  not  clear  that  this  should  be  the  case,  given  that  the  hologram 
has  additional  noise  which  should  broaden  the  distribution.  This  might 
be  the  result  of  an  artifact  of  the  inversion  scheme  software. 

Spray  Hologram  Data 

A hologram  of  a spray  field  of  synthetic  fuel  (SRCII)  previously 
acquired  with  a pulsed  ruby  laser  was  then  analyzed.  This  hologram  was 
obtained  using  (almost)  uniform  object  and  reference  beams  and  a premag- 
nification of  3.  To  best  simulate  the  conditions  normally  used  by  the 

2 

Malvern,  a Gaussian  beam  of  6 mm  diameter  (1/e^)  was  used  for  recon- 
struction. The  reconstructed  image  had  a total  power  of  about  0*25  mw 
and  a (almost)  Gaussian  intensity  profile.  The  divergence  of  the  illum- 
inating reconstruction  wave  was  controlled  to  produce  a well  collimated 
reconstructed  wave. 

Three  regions  of  the  hologram  were  reconstructed  and  analyzed  with 
the  receiver,  and  a region  without  spray  was  used  to  obtain  the  back- 
ground information.  These  data  are  shown  on  Figure  6.  It  is  important 
to  realize  that  since  the  hologram  was  acquired  with  a 3:1  magnifica- 
tion, the  actual  droplet  size  is  1/3  of  that  shown. 

Figure  6 shows  photograph  of  a given  plane  of  the  3-D  hologram,  and 
inserts  corresponding  to  the  locations  where  data  were  acquired.  Notice 
that  the  mean  value  changed  from  285  pm  (actual  size  95  pm)  at  the  edge 
of  the  spray  to  165  pm  (actual  size  55  pm)  at  the  center.  This  is  the 
typical  trend  of  sprays  formed  by  simple  pressure  nozzles  in  which  more 
large  droplets  are  found  at  the  edge  of  the  spray. 
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Figure  1.  Schematic  representation  of  the  holographic  system. 
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Figure  2.  Photograph  of  holographic  system  interfaced  to  the  Malvern  receiver. 
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Figure  3.  Photograph  of  calibration  reticle  RR-50-3.0-0.08-102-CF. 

(a)  Magnified  1.5X. 

(b)  Sample  area  and  quality  control  array  magnified  6.37X. 


Figure  4.  Effect  of  N on  Rossin  Rammler  volume  distribution. 
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Figure  5.  Measured  energy  levels  of  the  lights  scattered  by  photomask 
and  hologram  of  photomask  on  15  diodes  of  Malvern  receiver. 
The  corresponding  Rossin  Rammler_parameters  are  X = 50.6, 

N * 3.4  (direct  photomask),  and  X = 51.5,  N = 3.7 
(reconstructed  hologram  of  photomask) . 
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Figure  6, 


Fourier  transform  reduction  of  a spray  hologram 
obtained  with  a pulsed  ruby  laser. 
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E AND  FLOW  FIELD  HOLOGRAPHY 

A Critical  Survey 


J • D.  Trolinger 

Spectron  Development  Laboratories,  Inc. 
3303  Harbor  Blvd. , Suite  G-3 
Costa  Mesa,  California  92626 


Abstract 


A brief  background  is  provided  for  the  fields  of  particle  and  flow 
visualization  holography.  A summary  of  methods  currently  in  use  is 
given,  followed  by  a discussion  of  more  recent  and  unique  applications. 
The  problem  of  data  reduction  is  discussed.  A state  of  the  art  summary 
is  then  provided  with  a prognosis  of  the  future  of  the  field.  Particle 
and  flow  visualization  holography  are  characterized  as  powerful  tools 
currently  in  wide  use  and  with  significant*  untapped  potential. 

Introduction 


Strictly  speaking,  the  first  application  of  holography  to  the  study 
of  particles  was  by  Dennis  Gabor  himself  who  invented  holography  in 
1947.  He  produced  holograms  of  a variety  of  microscopic  samples  using 
partially  coherent  light  since  lasers  were  not  available  for  another 
fifteen  years.  His  application  intended  to  exploit  the  magnification 
properties  of  holograms  and  not  the  three  dimensional  imaging  proper- 
ties. Nearly  another  twenty  years  passed  before  holography  left  the 
research  laboratory  to  actually  be  applied  in  a field  environment.  The 
first  such  work  appears  to  be  that  of  Thompson  and  coworkers^  who  used 
the  three  dimensional  properties  of  holograms  to  characterize  fog  drop- 
lets. 


The  first  significant  work  with  flow  visualization  holography 
appears  to  be  that  of  Brooks,  Hef linger,  and  Wuerker  who  used  holo- 
graphic interferometry  to  determine  the  flow  field  around  projectiles  in 
flight.  During  the  past  twenty  years  virtually  every  test  facility  in 
the  world  with  a need  for  flow  diagnostics  has  incorporated  holography 
to  some  extent,  with  some  measure  of  success.  Hundreds  of  publications 
have  reported  new  innovations,  techniques,  refinements,  and  hardware. 
Many  of  these  amounted  to  laboratory  feasibility  demonstrations  of  a new 
variation  on  recording  or  data  extraction  and  never  made  it  outside  the 
laboratory.  One  of  the  first  major  test  facilities  to  incorporate 
holography  into  an  operational  wind  tunnel  was  the'  Arnold  Engineering 
Development  Center  in  Tennessee.  Research  facilities  of  NASA,  Army, 

Air  Force,  Navy,  and  aerospace  companies  began  using  y>r  at  least 
exploring  the  possibility  of  using  the  techniques  during  the  early 
1970 fs.  European  and  Asian  countries  also  began  incorporating  this 
technology  into  such  facilities. 
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Unfortunately,  the  development  of  practical  data  handling  tech- 
niques lagged  far  behind  what  was  required  to  compete  with  conventional 
photographic  techniques.^  Holography  systems  required  expert  operators 
and  they  required  more  of  almost  everything  when  compared  with  the 
highly  refined  science  of  photographic  recording.  The  result  was  that 
the  use  of  holography  as  a routine  tool  actually  seemed  to  decline  in 
the  major  test  facilities  by  the  late  1970fs.  Flow  visualization  holog- 
raphy has  not  replaced  more  conventional  methods,  but  it  has  become  more 
of  a compliment.  When  a very  distinct  set  of  conditions  or  requirements 
obtain,  flow  visualization  holography  is  often  the  best,  or  least  expen- 
sive, or  quite  often  the  only  way  to  obtain  a desired  set  of  data.  It 
is  usually,  but  not  always,  the  more  difficult  method  since  it  usually 
involves  less  refined,  more  complicated  hardware. 


Particle  holography  has  satisfied  a need  which  is  so  basic  to  the 
study  of  particle  fields  that  its  use  has  continued  to  grow  steadily 
since  the  first  application. ^ Even  though  the  data  handling  problem  has 
not  been  totally  solved  here  either,  the  number  of  applications 
requiring  the  features  of  holography  has  continued  to  fuel  its  develop- 
ment and  use.  With  present  technology,  holography  is  the  only  recording 
method  by  which  one  may  record  an  accurate  three-dimensional  image  of  a 
dynamic  event.  This  is  particularly  useful,  for  example,  in  the  micro- 
scopic examination  of  combustion  and  explosive  events,  droplet  breakup 
and  formation  mechanisms,  and  velocity  measurement  of  droplet  fields. 


Beyond  this  brief  historical  survey  the  intent  of  this  survey  is  to 
examine  the  current  status  of  particle  and  flow  field  holography, 
including  a summary  of  the  present  state-of-the-art,  a summary  of  the 
applications  and  where  they  are  being  made,  and  a prognosis  for  the 
future.  Particle  and  flow  field  holography  are  commonly  treated 
together  since  many  of  the  applications  involve  both  technologies.  How- 
ever, the  characteristic  requirements  for  holocameras  and  data  reduction 
for  the  two  techniques  are  so  different  that  they  must  be  described 
individually. 


A summary  of  methods 


Particle  Field  Holography 

There  are  two  types  of  recording  procedures  for  recording  holograms 
of  particle  fields:  in-line  holography  and  off-axis  holography.  With 

in-line  holography  a simple  wavefront  (plane  or  spherical)  is  passed 
through  the  particle  field,  which  must  be  about  80  percent  transparent 
for  this  to  be  successful.  Some  of  the  light  is  scattered  (the  object 
wave)  by  the  particles  and  some  of  the  light  passes  through  unscattered 
(the  referenced  wave).  These  two  waves  interfere,  creating  a diffrac- 
tion pattern  which  when  recorded  is  the  hologram.  With  off-axis  holog- 
raphy, light  which  has  scattered  from  the  particle  field  is  mixed  with  a 
mutually  coherent  wave  which  has  taken  a second  path  around  the  particle 
field  (the  reference  wave). 
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A second  level  of  classification  for  both  types  of  holography  comes 
with  the  use  of  lenses  or  mirrors  to  image  the  particle  field  and  pro- 
ducing a hologram  of  this  image  (appropriately  termed  image  holography). 
A wide  range  of  imaging  systems  may  be  chosen  depending  on  the  special 
needs  of  a given  experiment.  Imaging  is  commonly  done  to  impart  a con- 
venient size,  location,  or  magnification  to  the  field  of  interest,  or  to 
relax  the  required  recording  capabilities  of  the  hologram. 

Off-axis  holography  is  much  more  versatile  with  respect  to  type  of 
object  illumination.  Off-axis  holograms  can  be  categorized  according  to 
whether  the  object  illumination  is  a simple  wavefront  (plane  or  spheri- 
cal), a diffused  wavefront,  or  a structured  wavefront.  The  most  common 
type  of  structured  wavefront  in  current  use  is  the  so-called  "sheet  of 
light"  produced  with  a cylindrical  lens  and  a small  diameter  collimated 
beam  of  light.  Figure  1 is  a categorization  of  the  possible  types  of 
recordings  that  have  unique  characteristics.  Clearly,  a large  number  of 
combinations  are  possible.  The  holocamera  itself  must  be  engineered  to 
accomplish  the  following  tasks: 

1*  Properly  illuminate  the  field  of  interest. 

2.  Place  the  interest  field  or  its  image  in  a suitable 
place  relative  to  the  hologram. 

3.  Achieve  an  acceptable  F-number  for  the  desired  resolu- 
tion. 

4.  Deal  with  environmental  factors. 

5.  Meet  coherence  requirements. 

6.  House  the  film  or  plate  transport,  laser,  and  optics 

7.  Produce  a hologram  of  acceptable  quality. 

The  reconstruction  system  mist  be  compatible  with  the  holocamera 
and  must  be  designed  to  produce  a reconstructed  image  which  is  suffi- 
ciently bright,  noise  free,  aberration  free,  the  right  size,  and  in  the 
right  location  for  analysis.  An  extremely  important  part  of  this  system 
must  cast  the  data  into  a useful  form.  The  images  may  be  recorded  as 
photographs,  or  analyzed  directly  by  an  image  analyzer. 

The  question  that  is  often  asked  is  "How  many  photographs  are  in  a 
hologram?"  This  can  actually  be  computed  to  some  degree  of  accuracy. 

The  resolution  limit  in  an  imaging  system  is  given  by 


where  S is  the  object  distance,  D is  the  diameter  of  the  imaging  system, 
and  X is  the  wavelength  of  light.  (See  Figure  2). 

The  depth  of  field  in  such  an  image  is  given  by 
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HOLOGRAPHY  LIGHTING  LIGHTING  RECORDING 

TYPE  DIRECTION  TYPE  TYPE 
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Figure  1.  Hologram  Classification 


SAMPLE  VOLUME  LENGTH  IN 
WHICH  HOLOGRAM  CAN 


Figure  2.  The  Sample  Volume  in  a Hologram 


A perfect  hologram  of  diameter,  D^,  can  resolve  an  image  of  size, 

R,  if  it  lies  within  a distance  RD/X.  The  ratio  of  the  two  sample 
volumes  is  therefore  equal  to  the  number  of  distinctively  different  pho- 
tographs which  can  be  produced  from  the  hologram  and  is  approximately 


2\ 

n 

R 

When  one  considers  a study  of  particles  of  10  micrometers  in  diameter  in 
a typical  10  cm-  diameter  hologram,  this  number  comes  to  a staggering 
20,000  photographs,  not  counting  the  photographs  which  could  be  taken 
outside  of  the  sample  volume  at  lower  resolution.  This  provides  a clue 
to  the  difficulty  in  data  reduction. 


Double  pulsed  holography  has  been  used  extensively  to  study  the 
dynamics  of  particle  fields.'  Figure  3 illustrates  such  a hologram  of 
the  particle  field  of  a spray  nozzle.  The  central  figure  is  a global 
view  of  the  entire  field  while  the  insets  illustrate  high  resolution 
focusing  at  different  depths  in  the  field.  Two  superimposed  three- 
dimensional  fields  present  an  extremely  complicated  image.  A variety  of 
ingenious  techniques  have  been  devised  to  overcome  the  complexity.  By 
giving  different  exposures  to  the  two  recordings  one  can  tell  which 
image  belongs  to  which  exposure.  Still  more  elegant  methods  record  the 
two  exposures  with  two  different  reference  waves  or  even  two  different 
wavelengths.  Then  during  reconstruction  the  two  images  can  be  viewed 
independently.  The  so-called  "flicker  method"®  shifts  back  and  forth 
between  the  two  images  allowing  one  to  observe  the  motion.  Still 
another  alternative  is  to  reconstruct  the  two  images  with  reference 
waves  which  have  been  phase-  shifted  by  180  degrees  so  that  the  images 
will  subtract,  eliminating  the  constant  noise  which  would  otherwise 
appear  in  both  recordings  and  which  would  otherwise  add  coherently  with 
the  signal,  severely  reducing  the  signal-to-noise  ratio. 


Holocameras  can  be  equipped  with  any  laser  which  meets  coherence 
requirements;  however,  except  for  rather  slow  moving  distributions, 
pulsed  lasers  are  required.  Most  commonly,  frequency  doubled  YAG  or 
ruby  lasers  are  used.  In  recent  years,  YAG  lasers  have  become  more  pop- 
ular because  of  their  ability  to  operate  at  higher  rep  rates.  Typical 
pulse  times  for  YAG  lasers  are  tens  of  nanoseconds  and  rep  rates  are 
typically  tens  per  second,  as  compared  to  ruby  lasers  with  typical  rep 
rates  of  a few  per  minute. 


Flow  Visualization  Holography 

In  flow  visualization,  the  object  is  usually  a phase  object  and 
therefore  off-axis  holography  is  almost  always  required.  The  wavefront 
which  has  passed  through  the  flow  field  and  has  been  modulated  by  the 
field  can  be  recorded  in  its  entirety  for  later  analysis.  Later  anal- 
ysis may  be  accomplished  by  any  of  the  conventional  methods  of  wavefront 
analysis.  Such  methods  include  shadowgraph,  Schlieren,  def lectometry , 
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GURE  3. 


Hartmann,  moir6,  or  interferometry.  A significant  fact  is  that  one  does 
not  have  to  select  which  of  these  will  be  used  until  later.  Any,  or 
all,  of  these  can  be  applied  to  the  reconstructed  wavefront. 

An  extremely  important  technique  is  to  store  a wavefront  which  has 
been  modulated  by  the  optical  system  only,  including  the  windows  in  the 
test  facility  for  later  comparison  with  a wavefront  which  is  also  modu- 
lated by  the  flow  field.  In  this  way,  the  effect  of  the  optics  can  be 
subtracted  from  the  measured  wavefront  exactly,  allowing  the  use  of  low 
cost  optics.  Figure  4 briefly  summarizes  holographic  interferometry 
options  for  flow  diagnostics.  Each  of  these  methods  has  some  unique 
characteristic  which  makes  it  ideally  suitable  for  some  specialized 
application. 

Figure  5 illustrates  the  typical  flow  visualization  holocamera, 
commonly  built  into  a conventional  flow  visualization  system.  The 
system  is  broken  into  elements  with  the  possible  choices  of  components 
listed  to  illustrate  the  characteristic  state-of-the-art  system. 

Current  applications 

This  section  is  Intended  to  provide  a summary  of  current  applica- 
tions and  where  they  are  being  conducted.  At  the  present  time,  the  use 
of  holography  is  so  wide  spread  that  every  application  cannot  possible 
be  covered  here.  So  this  must  be  considered  a highlighting  of  applica- 
tions and  apologies  are  offered  to  those  who  have  been  omitted. 

Since  some  applications  Involve  simultaneous  particle  and  flow 
diagnostics,  the  discussion  here  is  not  exactly  divisible  into  the  two 
areas.  Therefore,  some  intermixing  of  the  discussions  seemed  inevi- 
table. 

Flow  Diagnostic  Applications 

A significant  feature  of  many  modern  day  applications,  which  has 
changed  from  the  past,  is  the  number  of  holograms  and  recording  rate. 
Early  applications  of  holography  commonly  amounted  to  the  recording  of  a 
few  holograms  during  a day  or  in  extreme  cases,  a few  hundred.  In 
today's  experimental  applications  it  is  not  uncommon  to  record  thousands 
or  even  tens  of  thousands  of  holograms.  This  has  placed  even  greater 
demands  on  data  reduction.  Table  1 provides  a summary  of  applications 
of  particle  and  flow  visualization  holography,  with  emphasis  primarily 
on  U.S.  Government  laboratories  and  universities.  Some  of  these  will  be 
discussed  in  more  detail  here.  An  exciting  NASA  application  by  Marshall 
Flight  Center  is  scheduled  in  the  Space  Lab  3*®  space  shuttle  mission 
for  May,  1985.  This  will  be  the  first  application  of  holography  in 
space.  The  system's  somewhat  unique  design  was  required  by  the  nature 
and  constraints  of  the  space  shuttle  laboratory.  The  application  is  to 
observe  the  growth  of  a crystal  in  zero  gravity  and  to  measure  density 
gradients  in  the  solution  surrounding  the  crystal.  Two  holocameras  and 
a Schlieren  system  are  combined  into  a single  optical  system. 
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HOLOGRAPHIC  INTERFEROMETRY  WITH 
SINGLY  EXPOSED  HOLOGRAMS 
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TWO  REFERENCE  WAVE  SHEARING 


HOLOGRAPHIC  INTERFEROMETRY  WITH 
MULTIPLE  RECORDINGS 
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DOUBLE  PULSED  HOLOGRAPHIC  INTERFEROMETRY 


STATE  OF  THE  ART 

HOLOGRAPHIC  FLOW  DIAGNOSTIC  MODULES 
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1 - Application  of  Particle  and  Flow  Visualization  Holography  in 
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For  one  holocamera,  the  crystal  is  side  lighted  with  a choice  of 
direct  or  diffuse  illumination.  This  will  provide  a view  of  the  crys- 
taline  surface  and  facets  in  three  dimensions  with  a resolution  of  about 
30  micrometers. 

The  second  holocamera,  which  is  for  flow  diagnostics,  backlights 
the  crystal  and  surrounding  fluid  with  direct  light.  The  reconstructed 
wavefront  will  be  diagnosed  for  density  gradients  near  the  crystal  sur- 
face. The  holocameras  operate  with  a single  helium  neon  laser  and  holo- 
grams are  recorded  on  Kodak  SO  103  film  which  is  transported  by  a vacuum 
back  which  holds  the  film  flat  during  recording. 

Other  significant  developments  within  NASA  include  holographic 
movie  capability  at  high  framing  rates**  at  the  Lewis  Research  Center. 
This  system  employs  a frequency  doubled  YAG  laser  pulsing  at  framing 
rates  up  to  twenty  per  second.  Future  plans  include  significant 
increase  in  this  recording  rate.  The  primary  applications  to  date  has 
been  in  the  study  of  flow  fields  over  turbine  blades  and  in  combustion. 

Another  unique,  but  somewhat  indirect  application  of  holography  at 
the  Lewis  Center,  involves  the  use  of  a holographic  optical  element  in  a 
Laser  Doppler  Velocimeter  to  provide  the  required  beam  splitting  opera- 
tion while  at  the  same  time  performing  aberration  correction  for 
observing  flow  fields  inside  of  cylindrical  chambers. 

The  NASA  Ames  Research  Center  has  evolved  wind  tunnel  holography 
for  nearly  fifteen  years*"*’*^’  and  currently  has  operational  flow  diag- 
nostic holocameras  in  several  facilities.  The  current  systems  employ 
frequency  doubled  YAG  lasers  with  various  types  of  holographic  interfer- 
ometry. One  of  these  systems  is  a permanent  installation  integrated 
into  a conventional  sixty  cm.  diameter  Schlieren  system.  The  Ames 
applications  have  been  especially  significant  since  they  have  been 
complimented  with  extensive  use  of  other  diagnostic  instruments  such  as 
laser  velocimeters  and  aerodynamic  probes. 

The  NASA  Langley  Center  has  likewise  applied  holographic  interfer- 
ometery  for  flow  diagnostics  in  a variety  of  wind  tunnel  applications. 

The  U.S.  Army  applications,  almost  as  extensive  as  NASA,  include  a 
number  of  extremely  important  efforts.  A highly  advanced  holography 
system  is  operated  by  the  U.S.  Army  Aeromechanics  Laboratory  at  Moffet 
Field,  California.  This  system  is  capable  of  performing  holographic 
interferometry  of  a 70  cm.  diameter  flow  field  around  a helicopter  rotor 
tip.  This  system  is  so  configured  to  provide  a “look"  through  the  flow 
field  at  any  angle  of  view  and  has  been  used  routinely  for  tomography  of 
the  field  of  interest,  producing  three  dimensional  density  distribu- 
tions. This  appears  to  be  the  largest  operational  holographic  tomog- 
raphy system  in  use  today.  It  is  producing  three  dimensional  density 
data  of  the  flow  around  helicopter  blade  tips,  data  which  has  never  been 
available  before. 
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Army  applications  of  flow  diagnostic  holography  have  also  been  made 
at  Picatinny  Arsenal,  Redstone  Arsenal,  and  Aberdeen  Proving  Ground,  and 
the  U.S.  Army  Research  Office  has  played  an  important  role  in  supporting 
research  and  development  of  the  techniques. 

The  U.S.  Air  Force  has  been  instrumental  in  the  development  and 
application  of  flow  diagnostic  holography,  especially  at  the  major  wind 
tunnel  test  centers,  Arnold  Engineering  Development  Center*  , and  Wright 
Aeronautical  Laboratory*®.  The  Air  Force  Office  of  Scientific  Research 
has  been  instrumental  in  advancing  the  technology*  . A unique  applica- 
tion by  the  Air  Force  Weapons  laboratory  resulted  in  the  development  of 
an  airborne  holocaraera  for  the  diagnostics  of  flows  over  cavities  and 
turrets.20  The  ultimate  effect  under  study  is  the  aberration  of  optical 
wavefronts  by  aerodynamic  flow  fields,  a relatively  new  area  of  study 
known  as  aero-optics.  Whereas  the  usual  application  is  the  diagnostics 
of  the  flow  by  studying  the  phase  shifting  of  an  optical  beam,  aero- 
optics  closes  the  loop  by  determining  the  effect  of  the  flow  field  on 
propagation  and  then  examining  the  ways  to  achieve  some  optimum  by 
modifying  either  the  wavefront  or  the  flow  field.  This  particular 
holocamera  system  is  unique  in  that  it  has  been  employed  in  an  aircraft 
and  is  backed  up  by  an  automated  data  reduction  system  capable  of 
reducing  the  thousands  of  holograms  produced2*.  The  Air  Force  Wright 
Aeronautical  Laboratory  is  currently  developing  a combined  flow  diag- 
nostic holocamera  and  laser  velocimeter  for  application  in  a transonic 
wind  tunnel. 


The  U.S.  Navy  has  developed  and  applied  flow  diagnostic  holography 
at  the  Surface  Weapons  Center  and  the  Oceans  Systems  Center. 


The  major  aerospace  aircraft  and  aircraft  engine  companies  continue 
to  use  holographic  interferometry  for  flow  diagnostics.  A somewhat 
unique  system  employed  by  Rolls  Royce  Limited  produces  large  area  holo- 
grams  of  the  flow  between  fan  blades  in  jet  engines^  . 


National  Laboratories  have  used  holography  and  continue  its  use  in 
a variety  of  instances.  For  example,  the  Idaho  National  Engineering 
Laboratory  has  applied  holography  in  two  phase  flow  and  in  electric  arc 
diagnostics2  , Sandia  and  Livermore  National  Laboratories  in  corabus- 
— 4,  Los  Alamos  National  Laboratory  in  nuclear  fusion  research, 
f Standards  in  combustion.25 


tion 
Bureau  of 


Other  Particle  Sizing  Applications 

Applications  in  particle  sizing  are  even  more  widespread  than  in 
flow  diagnostics,  although  the  areas  do  overlap  somewhat.  Almost  all  of 
the  laboratories  mentioned  above  have  also  applied  particle  sizing  holo- 
graphy. The  basic  capability  is  the  high  resolution  diagnostics  of  a 
three-dimensional  particle  field  providing  size,  shape,  number,  and 
velocity  of  particles. 

Areas  of  application  include: 
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1.  Nozzle  development  and  diagnostics 

2.  Fuel  characterization 

3.  Combustion  and  explosions 

4.  Meteorology 

5*  Pollution  and  contamination 

6*  Multiphase  flow 

7.  Fiber  generation* 

8.  Icing  facilities 

9.  Particle  Break-up 

10.  Impact 

11*  Flow  seeding 

A few  of  the  more  recent  or  unusual  works  will  be  mentioned  here* 
Holography  has  become  more  field  oriented  and  airborne  applications  are 
becoming  more  common. 10*26,27  Meteorological  applications  allow  a 
microscopic  look  at  ice  crystals  in  clouds  distributed  over  a large 
volume.  Particle  break-up,  a phenomenon  which  escapes  photography,  is 
simple  with  holography,  even  at  high  speeds  as  observed  from  aircraft  or 
in  test  chambers.19 


Observing  detailed  particle  optical  properties  with  holography  is  a 
relatively  new  technology.  ® 

OQ 

Field  holocameras  which  are  rugged,  lightweight  and  portable  * are 
not  yet  in  widespread  use,  but  the  necessary  technology  now  exists. 


Considerable  attention  has  focused  on  resolution  and  signal-to- 
noise  improvements  in  particle  holography.  ® ,^1 Noise  is  still  a 
critical  factor  limiting  useful  resolution  to  considerably  worse  than 
direct  two  dimensional  microscopy. 


Three  dimensional  velocity  fields  have  been  determined  through 
holography  from  many  years.  However,  new  techniques  continue  to 
evolve.  Murakami,  et  al,  for  example,  developed  a two-color  multiple 
exposure  holography  system  which  produces  two  separate  time  spaced 
holograms  of  the  same  volume.  ^ 


In  general,  the  three  dimensional,  high  resolution  capability  which 
is  made  possible  by  holography,  should  continue  to  make  this  technique 
unmatched  by  any  other  for  particle  field  diagnostics.  Automatic  data 
reduction  will  also  provide  new  impetus  to  this  field. 

Automated  data  reduction  technology 

One  of  the  most  severe  obstructions  to  the  widespread  use  of  holog- 
raphy has  been  data  extraction  and  reduction  of  the  vast  amount  of  data 
which  is  stored  in  a typical  hologram.  Studies  have  too  often  ended 
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with  production  of  holograms,  a few  photographs,  and  little  of  pains- 
taking effort  necessary  to  go  further.  In  recent  years  great  strides 
have  been  made  at  removing  the  obstruction#  Available  computer  power, 
new  codes,  and  detector  arrays  have  played  a key  role# 

The  problem  has  two  major  facets,  dealing  with  vast  quantities  of 
data,  and  dealing  with  optical  noise.  Holographic  images  are  character- 
ized by  speckle,  interference,  and  diffraction  noise  that  too  often  has 
the  appearance  of  signal#  Out  of  focus  images  also  become  noise  when  in 
focus  images  are  examined  and  all  optical  noise  adds  coherently,  ampli- 
fying the  problem#  The  numbers  of  dimensions  in  the  general  problem 
includes  three  for  location,  two  or  three  for  morphology,  two  for 
velocity,  four  for  interferometry,  and  two  more  for  tomography.  For  a 
volume  search  at  high  resolution  this  quickly  adds  up  to  exceed  the 
storage  capacity,  even  of  large  computers.  Therefore,  data  compression 
and  rejection  schemes  are  required.  The  general  problem  of  automation 
is  too  complex  and  the  most  successful  schemes  require  considerable 
operator  interaction.  Figure  6 illustrates  the  typical  data  flow  and 
Table  2 explains  the  various  functions  required. 


TABLE  2.  DATA  REDUCTION  FUNCTIONS 


• Image  Analysis  - 


• Image  Processing  - 


• Data  Analysis 


(1)  Number  of  each  fringe 

(2)  Locate  the  center  of  each  fringe 

(3)  Produce  XY  coordinates  for  each  fringe 

(1)  Connect  broken  fringes 

(2)  Filter  out  optical  noise 

(3)  Subtract  off  uneven  background 

(4)  Allow  input  to  correct  ambiguities 

(1)  Determines  deviation  of  fringe  from  a 
reference  line 

(2)  Produces  fringe  deviation  (phase)  map  <J> 
(x,y) 


• Data  Interpretation  - (1)  Solves  an  integral  - Radon  transform  - 

General 

- Abel  integral  - 

axisymmetric 

- Linear  equation  - two 

dimensional 

(2)  Derives  refractive  index  N(X,Y,Z) 

(3)  Converts  N(X,Y,Z)  to  desired  parameter, 
e.g.  concentration 
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(4)  Determines  coefficients  of  series 
representations  of  <J>(X,Y) 

(5)  Provides  graphic  plots  of  parameters 


A number  of  laboratories  now  have  operational  automated  data  reduc- 
tion facilities  that  have  successfully  addressed  the  requirements  for 
holography,  and  this  could  be  the  basis  for  a new  surge  in  its  applica- 
tion. ^ 


The  current  state-of-the-art 


The  current  state-of-the-art  frontiers  are  summarized  in  Table  3 
including  some  of  the  associated  technology  or  hardware  that  is  likely 
to  be  involved  in  the  advancement  of  the  state-of-the-art.  The  major 
advancement  in  the  state-of-the-art  in  recent  years  has  been  associated 


TABLE  3.  STATE-OF-THE-ART  FRONTIERS  AND  ASSOCIATED  TECHNOLOGY 


Parameter 


Technology  or  Hardware 


Recording  Times 
Recording  Rates 
Sensitivity 
Data  Extraction 
Storage 

Data  Reduction 
Resolution 


Mode  Locking,  Pulse  Slicing 
YAG,  Excimer,  Metal  Vapor  Lasers 
Heterodyne  Interferometry 
Thermoplastics,  Phase  Conjugate  Materials 
Nonlinear  Materials 

Detector  Arrays,  Software,  Computer  Power 
Recording  Technique,  New  Materials 
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FIGURE  6.  DATA  FLOW  IN  HOLOGRAPHY 


with  automated  data  reduction.  The  ability  to  produce  holograms  of  par- 
ticle and  flow  fields  which  contain  useful  data  has  for  years  exceeded 
the  ability  to  conveniently  extract  the  data.  This  condition  has  been 
relaxed  somewhat  by  the  advent  of  advanced  image  analyzers,  computers, 
and  software.  However,  the  process,  unfortunately  is  not  low  in  cost 
and  its  availability  is  still  extremely  limited. 

Pulsed  laser  holography  is  largely  performed  using  Q-switched  ruby, 
or  frequency  doubled  YAG  lasers  with  pulse  times  less  than  20  nano- 
seconds. Some  work  has  been  done  with  dye  lasers.  Recording  times  can 
now  be  reduced  by  over  an  order  of  magnitude  by  mode  locking  and/or 
pulse  slicing.  This  is  an  area  where  the  state-of-the-art  has  remained 
unchanged  for  many  years. 

Recording  rates  in  today's  holocamera  are  laser  limited.  Where  YAG 
lasers  are  used,  power  requirements  have  limited  recording  rates  to 
about  30  frames  per  second.  This  limit  applies  only  to  continuous 
recording.  A laser  can  be  multi  Q-switched  at  megahertz  rates  for  a few 
pulses.  Commercially  available  lasers  can  deliver  three  or  four  pulses 
with  microsecond  separation. 

Real  time  or  near  real  time  recording  media  such  as  thermoplastic 
and  phase  conjugate  materials  have  provided  opportunities  to  use  holog- 
raphy in  some  innovative  ways.  Commercially  available  thermoplastic 
recording  devices  are  now  in  routine  use.  On-line  electronic  hologram 
development  makes  possible  on-line  holographic  diagnostics.  Currently 
available  hardware  is  nearly  adequate  to  make  possible  a flow  or  parti- 
cle diagnostic  holocamera  which  can  produce  finished  data  on  line. 
However,  such  a system  is  still  yet  to  be  built. 

Hologram  resolution  limits  have  almost  reached  diffraction  limited 
in  laboratory  uses.  In  field  application,  this  is  significantly  worse 
and  a typical  achievable  resolution  is  greater  than  2 micrometers  for 
particles. 


A prognosis  of  the  future  - ideas  beyond  the  frontier 

Flow  visualization  holography  will  continue  to  find  application 
largely  where  "nothing  else  works"  until  automated  data  reduction  tech- 
nology finds  its  way  into  more  routine  use.  This  should  happen  as  com- 
puters and  software  continue  to  become  more  powerful. 

The  field  of  tomography  will  in  the  near  future  experience  a new 
surge  in  solving  flow  diagnostic  problems  which  have  evaded  solution  for 
years  and  which  are  sufficiently  important  to  justify  the  still  tedious, 
though  now  practical,  procedures. 

Heterodyne  holographic  interferometry  is  an  extremely  high  poten- 
tial area  which  still  remains  virtually  untapped.  By  combining  the 
features  of  holography  with  the  improved  sensitivity  made  possible  by 
heterodyning,  a new,  powerful  diagnostic  method  will  become  available. 

In  addition  to  sensitivity  improvement  this  method  offers  a key  link 
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toward  automated  data  reduction.  At  present,  the  problem  with  suffi- 
cient importance  has  not  surfaced  to  provide  someone  incentive  to 
develop  this  technology.  It  surely  will  eventuality. 

Four  wave  mixing  has  found  an  application  in  aero-optics,  that  of 
aberration  correction  of  propagating  beams.  This  area  is  so  young  there 
must  be  other  applications  in  flow  diagnostics. 

Real  time  holography  materials  or  fast  processing  thermoplastics 
are  making  on-line  holography  more  practical.  Within  a few  years, 
hninuranhv  Hiaonnsflrs  will  he  done  on-line  with  a system  that  records. 

**  -'  ~ ~ o r j o — 

processes  electronically,  and  produces  refined  data  in  near  real  time. 

Conclusion 


The  field  of  particle  and  flow  visualization  holography  is  alive 
and  well.  After  an  explosive  beginning  which  fizzled,  we  more  realis- 
tically accepted  less  than  a miracle  panacea  and  realized  that  applying 
holography  usually  meant  more  than  just  showing  a reconstructed  three- 
dimensional  image.  Indeed,  the  most  useful  holograms  in  this  field  are 
not  optimum  for  human  viewing  at  all,  but  are  optimized  for  machine 
viewing.  There  have  been  few  major  breakthroughs  in  the  past  ten  years. 
Growth  and  improvement  have  evolved  more  through  refinement  and  applica- 
tion of  improving  hardware.  These,  combined  with  significant  untapped 
potential,  should  provide  a bright  future  for  serious  holographers.  The 
current  extent  of  applications  and  cost  and  complexity  of  hardware  are 
likely  to  constrain  this  to  be  a specialist’s  technology  for  some  time. 
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ABSTRACT 

This  paper  describes  a technique  of  obtaining  particle  size 
information  from  holograms  of  combustion  products.  The  holograms 
are  obtained  with  a pulsed  ruby  laser  through  windows  in  a com- 
bustion chamber*  The  reconstruction  is  done  with  a krypton  laser 
with  the  real  image  being  viewed  through  a microscope*  The  parti- 
cle size  information  is  measured  with  a Quantimet  720  image 
processing  system  which  can  discriminate  various  features  and 
perform  measurements  of  the  portions  of  interest  in  the  image* 
Various  problems  that  arise  in  the  technique  are  discussed, 
especially  those  that  are  a consequence  of  the  speckle  due  to  the 
diffuse  illumination  used  in  the  recording  process* 


INTRODUCTION 

A continuing  investigation^]  is  being  conducted  at  the 
Naval  Postgraduate  School  (NPS)  to  obtain  quantitative  data  that 
can  be  used  to  relate  solid  rocket  propellant  composition  and 
operating  environment  to  the  behavior  of  solid  particulates  (Al, 
AI2O3)  within  the  grain  port  and  exhaust  nozzle*  These  data  are 
needed  to  improve  predictive  capabilities  of  propellant  perfor- 
mance, to  provide  input  related  to  ammonium  perchlorate  (AP)— 
aluminum  interactions  for  steady— state  combustion  models,  and  to 
provide  in— motor  particle  size  distributions  to  allow  more  accu- 
rate predictions  of  damping  in  stability  analyses*  The  expected 
range  of  particle  sizes  is  from  1 |im  to  200  pm*  While  work  has 
been  done  on  a variety  of  techniques,  including  high  speed  motion 
pictures,  analysis  of  post-fire  residue  with  a scanning  electron 
microscope,  and  particle  sizing  by  scattered  light  measurements, 
this  paper  will  focus  on  the  application  of  particle  sizing  using 
holograms  of  burning  propellant  strands  and  slabs  in  a cross— flow 
environment* 


HOLOGRAM  RECORDING 

A diagram  of  the  two-dimensional  motor  is  shown  in  figure  1. 
A glass  window  (18.5  mm  diameter)  in  the  motor  walls  allows 
recording  of  the  hologram.  The  window  position  allows  centering 
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of  the  edge  of  the  largest  combustion  slab.  The  smallest  combus- 
tion slabs  are  out  of  view  with  these  window  positions.  Self- 
pressurization of  the  burning  slabs  was  inadequate  to  achieve 
desired  values  (34  atm.  and  greater),  so  a nitrogen  pressuriza- 
tion technique  was  incorporated  into  the  top  of  the  motor  cham- 
ber. A 0-80  screw  was  mounted  outside  of  the  rear  window  (from 
the  laser)  to  provide  a size  and  position  reference  in  the  recon- 
structed hologram.  Additionally,  holograms  were  recorded  of  reso- 
lution charts  and  glass  beads  (both  opaque  and  transparent)  of 
known  size  for  calibration  purposes  and  investigations  in  chang- 
ing recording  or  reconstruction  geometries. 

The  laser  system  is  a pulsed  ruby  laser[2]  consisting  of  a 
Q- switched  oscillator,  a ruby  amplifier,  beam  expanding  optics, 
an  alignment  autoeollisator,  a EeNe  pointing  laser,  the  capacitor 
bank,  and  associated  electronic  power  supplies.  The  operating 
wavelength  is  694.3  nm  with  a beam  diameter  of  approximately  3.2 
cm.  A one  joule  pulse  with  a 30  ns  pulselength  was  used  for  this 
investigation. 

All  holograms  were  recorded  with  diffuse  illumination  from 
the  laser  in  order  to  minimize  the  presence  of  Schlieren  inter- 
ference fringes  produced  by  temperature  and  density  variations  of 
the  combustion  gas  products  during  the  burn.  The  diffuse  illumi- 
nation was  made  by  introducing  a glass  diffuser  into  the  scene 
illumination  beam.  This  diffuse  illumination  introduces  speckle 
into  the  reconstructed  images  as  will  be  discussed  in  detail 
later.  The  primary  problem  in  sizing  the  particles  in  the  recon- 
structed image  is  interference  from  this  speckle  which  can  have  a 
maximum  size  that  is  comparable  to  the  particles  at  the  lower  end 
of  the  expected  particle  size  distribution. 

The  holocamera [3]  (shown  in  the  reconstruction  diagram  of 
figure  2)  incorporates  assisting  lenses  to  increase  the  effective 
field  of  view  of  the  camera  with  a subsequent  increase  in  resolu- 
tion. Holographic  plates  from  AGFA-Gevaert  (Model  8E75  HD  plates) 
were  used  for  hologram  recording. 

Holographic  recordings  have  been  made  successfully  using 
propellant  strands  burned  at  operating  pressures  of  34  and  68 
atm.  and  with  various  concentrations  of  alumininum  (up  to  15% 
aluminum).  Single  pulse  holography  provides  a means  of  effective- 
ly stopping  motion.  It  only  provides  information  during  the 
single  instant  of  time,  however.  Smoke  generation  (i.e.,  small 
AI2O3  and  binder  products,  etc.)  presents  a major  obstacle  to 
obtaining  good  holograms.  The  smoke  reduces  illumination  levels 
in  portions  of  the  image  and  also  adversely  affects  the  scene-to- 
reference  illumination  levels  on  the  hologram  recording  medium. 
Minimization  of  the  effects  of  smoke  requires  experimental  de- 
termination of  the  optimum  propellant  geometry  and  the  optimum 
delay  time  for  recording  the  hologram  during  the  burn. 
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HOLOGRAM  RECONSTRUCTION 


During  reconstruction*  the  developed  hologram  plate  is  re- 
attached to  the  plate  holder  and  placed  into  the  holocamera  box 
(which  is  mounted  on  a digitally  controlled  xyz  stage).  The  plate 
is  illuminated  with  a krypton-argon  laser  at  an  angle  of  approxi- 
mately 60°  from  normal*  as  shown  in  figure  2.  The  krypton  laser 
operates  at  647.1  nm,  causing  slight  lateral  demagnification  of 
the  image  equal  to  the  ratio  of  the  reconstructing  and  recording 
wavelengths.  A longitudinal  distortion  equal  to  the  square  of  the 
wavelength  ratio  is  also  expected.  The  reconstruction  laser  wave- 
length was  selected  close  to  the  ruby  laser  wavelength  to  mini- 
mize these  effects.  The  real  image  of  the  hologram  was  focused 
onto  a spinning  mylar  disk  that  was  introduced  to  reduce  speckle 
effects  in  the  observed  image.  The  spinning  disk  changes  the 
speckle  pattern  at  a rate  faster  than  the  response  time  of  eye  or 
imaging  system  causing  a reduction  in  the  contrast  of  the  speckle 
pattern.  A variable  power  microscope  was  used  to  view  the  recon- 
structed image  either  by  eye  or  with  the  image  scanner  of  the 
image  processing  system.  Reconstructed  images  can  be  recorded  by 
a 35mm  camera  from  either  the  screen  of  the  image  processing 
system  or  from  a camera  attachment  on  the  microscope.  Photographs 
of  typical  reconstructed  images  are  shown  in  figure  3. 


IMAGE  PROCESSING  EQUIPMENT 

The  Quantiment  720[4]  is  a general  purpose  television-type 
image  analyzer  that  is  capable  of  elementary  shape  recognition 
and  various  physical  measurements  of  objects  by  distinguishing 
differences  in  grey  levels  in  the  image  and  performing  various 
logical  tests  on  measured  dimensions.  The  system  is  designed  in  a 
modular  fashion  so  that  additional  capabilities  can  be  acquired 
with  extra  electronic  modules.  When  used  or  configured  as  a 
'basic'  Quantimet  720,  the  operator  must  provide  all  control  and 
direct  all  operations.  In  the  'advanced  mode',  a computer  is  used 
as  a controller  where  all  operations  are  programmed  from  prior 
experience.  The  Quantimet  at  NPS  contains  the  necessary  modules 
to  be  operated  in  the  advanced  mode  but  is  currently  being  uti- 
lized in  the  basic  mode. 

Figure  4 is  a block  diagram  of  the  image  processor  in  the 
enhanced  basic  mode.  All  switch  settings  must  be  made  on  an 
interactive  basis  and  data  readings  are  made  by  the  operator  from 
the  digital  display  on  the  screen. 

The  Scanner  sends  a video  signal  of  of  the  image  to  the 
System  Control  Module  where  it  is  digitized  and  sent  to  the 
Variable  Frame  and  Scale  module.  This  module*  when  activated* 
enables  an  operator  to  select  only  a portion  of  the  image  for 
analysis,  disregarding  the  rest  of  the  image.  The  portion  of  the 
image  of  interest  to  the  operator  is  forwarded  to  the  1— D Auto 
Detector  module.  This  1-D  Auto  Detector  module  can  differentiate 
data  based  on  grey  level.  There  are  64  grey  levels  in  an  image 
and  differentiation  can  be  made  of  all  levels  above  a certain 
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level,  below  a certain  level,  or  between  two  levels.  The  thresh- 
old levels  are  under  the  operator  control.  Only  data  that  passes 
the  desired  grey  level  test  is  passed  to  the  other  modules  for 
further  processing.  The  Light  Pen  module  is  used  by  the  operator 
to  select  individual  features  for  further  measurements.  The  Frame 
Smasher  module  is  of  use  only  for  long  thin  objects  and  is  usual- 
ly bypassed  in  our  operations.  The  Standard  Analyzer  module  can 
measure  the  selected  features  of  the  image.  It  can  measure  area, 
perimeter,  largest  horizontal  dimension,  largest  vertical  dimen- 
sion, and  other  quantities.  (All  measurements  are  in  units  of 
pixels  and  image  calibration  is  required  to  reduce  the  measure- 
ments to  physical  units.)  The  Standard  Analyzer  module  can  also 
be  used  to  select  features  for  further  analysis  based  on  the 
results  of  these  measurements.  For  example,  the  analyzer  can  be 
used  to  select  ail  image  features  whose  horizontal  (or  vertical) 
size  exceeds  a certain  value,  whose  area  exceeds  a given  value, 
or  whose  dimensions  (either  vertical  or  horizontal)  are  less  than 
a given  value.  The  logical  tests  based  on  measured  size  can  be 
combined  with  the  logical  tests  performed  by  the  1-D  Auto  Detect- 
or module  for  further  feature  discrimination.  The  features  that 
meet  the  combined  specifications  are  sent  to  the  Function  Compu- 
ter module  and  the  Classifier/ Collector  module.  These  modules  can 
perform  more  measurements  on  the  features  of  interest  or  can 
perform  still  more  logical  tests  on  the  dimensions.  In  the  cur- 
rent configuration  these  units  are  not  brought  to  bear  on  the 
feature  measurement  or  discrimination  problem. 

In  the  'automatic'  mode  (Fig.  5)  a computer  controls  the 
setting  of  the  module  functions  and  the  various  threshold  levels 
of  the  logical  tests,  as  well  as  the  recording  of  the  data. 
Individual  image  frames  can  be  transferred  into  the  computer  for 
data  recording  or  subsequent  analysis. 

A standard  image  frame  is  688  by  880  pixels.  As  described 
above,  a subportion  of  this  frame  can  be  analyzed.  The  Scanner 
uses  a Plumbicon  tube  selected  for  its  uniformity  of  response 
over  the  complete  face  of  the  tube.  The  usual  scan  rate  is  10 
s . Scan  rates  of  1 s-*  and  0.4  s-^  are  switch  selectable.  The 
display  screen  is  a long-persistence  yellow  phosphor  that  can 
accommodate  the  10  s ^ scan  rate  with  a minimum  of  image  loss 
before  refreshing.  The  screen  can  present  the  raw  image,  the 
image  as  processed  by  the  1— D Auto  detector,  the  image  as  proces- 
sed by  the  Standard  Analyzer,  or  any  combination  of  these  images. 
A digital  readout  on  the  top  of  the  screen  presents  the  quantita- 
tive data  to  the  operator. 


PROBLEM  AREAS 

In  this  section  we  will  describe  several  identified  problems 
in  this  application  of  data  reduction  and  potential  solutions  to 
them.  The  problems  can  be  broken  up  into  two  parts:  those  that 
exist  without  the  speckle  being  present  and  those  that  exist  with 
speckle  being  present. 
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The  first  problem  is  to  compute  the  number  of  locations  that 
must  be  investigated  in  the  hologram  (i.e.,  we  must  compute  the 
number  of  planes  of  interest  that  exist  in  the  volume  of  the 
reconstruction).  The  technique  of  particle  sizing  requires  that 
the  system  locate  the  planes  of  focus  of  the  particles  so  that 
the  particles  can  be  accurately  sized.  One  of  the  calculations  of 
interest  is  to  determine  how  many  planes  of  best  focus  will  exist 
in  the  hologram  reconstruction.  We  will  assume  a nominal  depth  Az 
of  2 mm  to  the  hologram  reconstruction.  The  operating  wavelength 
X is  that  of  the  krypton  laser — 647.1  nm.  A particle  of  diameter, 
d,  will  have  a depth  of  focus,  Ap,  given  by 

d2 

Ap- ( 1 ) 

X 

where  the  depth  of  focus  is  the  distance  over  which  the  image  of 
the  particle  will  be  'in  focus'.  (This  criterion  is  that  the 
diameter  of  the  image  of  the  particle  be  within  a factor  of 
(2)^^  of  its  minimum  in-focus  value).  The  minimum  number  of 
planes,  N,  that  must  be  investigated  to  count  and  size  particles 
is  given  by 


Az 

N » (2) 

Ap 


Az  X 


Table  1 gives  the  value  N for  particles  of  differing  diameters 
within  the  range  of  particle  diameters  expected  in  the  experi- 
ment. As  seen  from  the  table  the  computational  burden  is  not  too 
great  for  particle  sizes  larger  than  10  pm.  As  one  goes  below  a 
size  of  10  pm,  however,  the  number  of  sample  planes  required 
increases  rapidly.  This  is  the  region  where  speckle  size  also 
becomes  important,  as  the  size  of  the  speckle  is  on  the  same 
order  of  magnitude  as  the  diameter  of  the  particle. 

Stanton,  Caulfield,  and  Stewart [5]  present  a technique  for 
reducing  the  computational  burden  of  finding  the  in— focus 
particle  and  increasing  the  accuracy  of  particle  location  by 
measuring  the  Fresnel  ring  structure  of  an  out-of-focus  spherical 
particle.  This  technique  is  not  available  to  us  since  the  Fresnel 
rings  of  the  particle  can  not  be  seen  against  the  speckle  back- 
ground. The  particles  are  not  identifiable  in  the  image  until  the 
observation  plane  is  close  to  the  particle  location. 

The  Quantimet  720  presents  limitations  which  can  lead  to 
inaccurate  results.  One  technique  of  separating  particles  from 
background  is  to  accept  for  measurement  only  those  pixels  that 
that  are  darker  than  a certain  threshold.  Once  the  particle  have 
been  isolated,  the  particle  size  is  measured.  The  720  locates  an 
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Table  1 Depth  of  focus,  Ap,  and  number  of  independent 
viewing  planes,  N,  in  a 2 mm  deep  hologram  volume 


edge  of  a particle  by  noting  regions  where  there  is  a sharp 
change  in  grey  level.  The  edge  location  is  determined  by  finding 
the  pixels  with  greatest  and  least  grey  level  and  locating  the 
edge  at  the  pixel  midway  between  these  two  locations.  This  tech- 
nique is  consistent  only  for  particles  with  the  same  extremes  in 
grey  levels.  For  frames  that  include  particles  of  differing  grey 
levels,  the  edge  location  is  variable.  Uneven  illumination  is  the 
primary  cause  of  differences  in  particle  grey  level.  The  illumin- 
ation problems  can  occur  in  the  hologram  recording  (e.g.,  laser 
nonuniform  beam  pattern,  smoke),  in  the  development  of  the  holo- 
gram leading  to  a plate  with  variable  transmissivity  (bleaching 
the  plate  would  help  this  problem),  and  in  the  reconstruction 
process  (e.g.,  uneven  laser  illumination,  nonuniform  spatial 
response  of  the  image  tube).  Additionally  electronic  noise  in  the 
various  modules  and  quantization  noise  can  corrupt  the  image 
signal  leading  to  measurement  errors. 

For  the  case  of  having  speckle  present  as  in  our  hologram 
reconstructions  (due  to  the  diffuse  illumination  required  to 
eliminate  the  Schlieren  fringes  in  the  reconstruction  as  previ- 
ously described),  the  initial  point  is  to  reduce  the  maximum  size 
of  the  expected  speckle  to  the  smallest  value  possible.  Speckle 
is  the  random  interference  pattern  from  a diffuse  source  inter- 
fering with  a reference  wave.  The  random  pattern  of  light  will 
contain  all  grey  levels  from  maximum  brightness  to  total  black. 
The  speckle  can  have  two  effects  on  the  image.  It  produces  black 
spots  in  the  background  which  cannot  be  readily  distinguished 
from  real  particles.  The  second  effect  is  that  the  speckle  can 
give  the  perimeter  of  the  particle  a 'swiss  cheese1  appearance 
where  the  speckle  overlaps  the  edge.  This  alters  any  calculated 
measurements  of  the  particle,  such  as  area  or  perimeter.  The 
Quant imet  usually  ignores  any  holes  within  the  measured  area,  but 
significant  error  is  introduced  when  the  perimeter  is  altered. 
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In  considering  the  size  of  the  speckle  in  the  image,  we  find 
that  the  speckle  arises  from  two  causes [6]  within  our  images.  The 
first  occurs  in  the  recording  of  the  hologram.  Objects  illumi- 
nated with  diffuse  coherent  light  will  have  a speckle  pattern 
superimposed  on  them  with  a maximum  speckle  size  dSpec^je  given 
by[6] 


X 

**  speckle  = (4) 

0 cos  0 

where  X is  the  laser  wavelength,  is  the  angle  subtended  by  the 
illuminating  beam  as  seen  from  the  object  (see  figure  6),  and  6 
is  the  angle  measured  at  the  object  between  the  axis  to  the 
center  of  the  illuminated  diffuser  and  the  center  of  the  image 
plane  (i.e.,  the  hologram).  For  the  geometry  of  the  present 
experiment,  A=676  nm  (a  nominal  wavelength  between  the  recording 
laser  and  the  reconstruction  laser),  0 is  approximately  62.4 
milliradians,  and  6=180°,  giving  a speckle  diameter  on  the  holo- 
gram plane  of  10.8  pm.  This  speckle  will  be  recorded  by  the 
hologram  and  will  be  present  in  the  reconstructed  image.  The 
primary  means  of  reducing  the  speckle  size  is  to  increase  the 
illumination  aperture  of  the  diffuser  or  to  reduce  the  distance 
from  the  diffuser  to  the  object. 

The  second  contributor  to  the  speckle  in  the  image  is  the 
imaging  lenses.  In  the  present  system  there  are  two  imaging 
operations  in  the  reconstruction  process.  The  first  is  the  forma- 
tion of  the  real  image  on  the  spinning  mylar  disk  through  the 
assisting  lenses  of  the  holocamera.  The  second  is  the  imaging  of 
the  real  image  onto  the  face  of  the  scanner  tube  through  the 
microscope  lenses.  The  maximun  speckle  diameter  for  a diffuse 
image  that  is  imaged  through  a lens  as  depicted  in  figure  7 is [6] 


1.22XM 


‘speckle 


2 tan[  sin~l(NA)] 


(5) 


1.22XM 
2 tan[NA] 


(6) 


where  M is  the  magnification  of  the  imaging  system  (given  by  the 
ratio  of  the  image  distance  to  the  object  distance)  and  NA  is  the 
numerical  aperture  of  the  lens.  The  numerical  aperture  of  a 
microscope  lens  is  approximately  given  by 

NA  = (l/2fno)  (7) 

- tan-1[dlens/2do]  (8) 

where  fno  is  the  f-number  of  the  lens*  d0  is  the  object  distance 
from  the  lens,  and  djeng  is  the  diameter  of  the  lens.  Alternate 
forms  of  the  equation  for  the  maximum  speckle  diameter  are 
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(9) 


1.22Xdj 

^speckle  = 

dlens 


d speckle  = 1.22X(l+M)fno  (10) 

The  first  imaging  operation  is  the  formation  of  the  real 
image  on  the  mylar  disk  from  the  hologram  through  the  assisting 
lens  set.  Although  the  lens  set  is  involved  in  the  imaging#  the 
primary  imaging  element  is  the  hologram  itself.  The  hologram  can 
be  modeled  as  a lens  with  (approximately)  unity  magnification, 
the  aperture  of  the  lens  is  the  width  of  the  hologram  as  modified 
by  the  assisting  lenses.  Further  work  is  necessary  to  complete 
the  modelling  of  this  imaging  process. 

The  second  imaging  operation  is  the  imaging  performed  by  the 
microscope  objective  onto  the  face  of  the  scanner  tube  face.  The 
maximum  speckle  size  is  given  by  equation  10  and  is  plotted  vs. 
the  f-number  of  the  lens  in  figure  8 for  a variety  of  magnifica- 
tions. Reduction  of  the  speckle  diameter  to  values  below  3 or  4 
pm  will  require  f-numbers  below  0.4  for  magnifications  of  lOx. 
For  magnifications  of  lx,  f-numbers  below  4 are  adequate.  It  is 
noted  that  typical  f-numbers  are  in  the  range  of  1.5  to  10  for 
this  range  of  magnifications#  indicating  that  magnifications  of 
2x  or  so  are  consistent  with  reducing  the  speckle  to  values  that 
are  comparable  to  (or  below)  the  value  of  the  smallest  expected 
particle. 

Generally  the  conclusion  is  that#  to  reduce  the  speckle 
size#  large  aperture  optics  are  desirable.  Once  the  speckle  is 
smaller  than  the  typical  particle  size#  the  logic  test  based  on 
the  feature  size  can  be  implemented  in  the  Quantimet  to  extract 
particle  information  from  the  background. 

If  the  speckle  cannot  be  made  negligible  compared  to  the 
particle  size#  other  techniques  must  be  used  to  reduce  the  con- 
trast level  of  the  speckle  relative  to  the  particle.  These  tech- 
niques are  based  on  the  fact  that  the  speckle  pattern  will  shift 
if  one  or  more  of  many  variables  are  changed  while  the  object 
position  remains  fixed.  By  averaging  N images  with  differing 
speckle  patterns,  an  reduction  in  the  speckle  contrast  on  the 
order  of  (N)-1^  is  expected.  With  reduction  of  contrast  the 
speckle  level  can  be  reduced  below  the  grey  level  threshold  set 
in  the  1-D  Auto  detector  module  of  the  Quantimet.  Variables  that 
can  be  changed  to  cause  a shift  in  the  speckle  pattern  are: 

-Changing  the  random  phase  of  the  diffuse  illuminating  wave. 
This  is  done  in  our  system  by  rotating  the  mylar  disk  that 
has  the  real  image  focussed  on  it.  The  speckle  pattern 
changes  during  the  integration  time  of  the  scanner  tube.  The 
improvement  in  contrast  of  the  observed  image  (on  the  view- 
ing screen)  formed  with  a moving  disk  over  that  of  a sta- 
tionary disk  is  noticeable.  The  predicted  improvement  at 
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higher  spin  rates  or  longer  integration  times  is  less  no- 
ticeable to  the  eye. 

-Changing  the  image  aperture.  Since  the  Quantimet  requires 
equal  strength  images  for  accurate  particle  sizing,  this 
technique  would  require  a renormalization  of  the  image  amp- 
litudes. This  might  be  possible  when  the  system  is  in  the 
advanced  computer-controlled  mode,  but  the  technique  holds 
little  promise  since  one  is  limited  by  the  limited  dynamic 
range  of  the  sensor  to  few  images. 

-Changing  the  object  position  or,  equivalently,  changing  the 
image  screen  position  or  changing  the  imaging  lens  posi- 
tion). This  can  be  done  within  the  depth  of  focus  of  the 
particle.  For  small  diameter  particles  few  independent 
images  could  be  expected. 

-Computer  superposition  of  images  with  the  different  diffuse 
illumination.  This  technique  is  similar  to  the  rotating  disk 
illuminator  except  that  the  superposition  is  done  digitally 
rather  than  relying  on  the  integration  properties  of  the 
imaging  tube.  Limitations  here  are  primarily  in  the  memory 
capacity  of  the  computer.  Using  the  computer  to  store  and 
manipulate  the  images  also  allows  a variety  of  linear  and 
nonlinear  image  processing  algorithms  to  be  used. 

Each  of  these  techniques  introduces  complexity  into  the  proces- 
sing of  the  image.  The  easiest  to  implement  is  the  spinning 
diffuser  in  the  image  reconstruction.  While  the  image  is  drama- 
tically improved  when  the  disk  is  spinning  compared  to  the  image 
on  a motionless  disk,  the  image  quality  is  not  dramatically 
improved  with  increased  rotation  rate.  The  techniques  other  than 
computer  processing  the  images  appear  to  present  insurmountable 
problems,  leaving  the  computer  processing  as  the  most  likely 
solution.  Work  has  begun  on  implementing  the  computer-controlled 
configuration  in  an  effort  to  explore  this  technique. 


SUMMARY 

The  holographic  technique  has  been  successfully  used  to  re- 
cord particles  from  strand  burns  and  2-D  motor  combustion.  (Work 
will  soon  be  done  on  expanding  the  hologram  recording  to  a 3-D 
motor  environment)  The  image  particle  count  and  sizing  has  suc- 
cessfully been  done  by  hand  but  automatic  techniques  are  prefer- 
red. The  diffuse  illumination  required  in  the  recording  process 
to  avoid  phase  fringes  due  to  thermal  effects  has  led  to  the  pre- 
sence of  speckle  in  the  images.  Efforts  have  been  made  to  analyze 
the  size  of  the  speckle  to  reduce  the  maximum  speckle  diameter. 
The  remaining  speckle  is  reduced  by  using  a spinning  diffuser  in 
the  reconstruction  process.  The  computer-processed  images  appear 
to  have  the  most  liklihood  of  further  reduction  f the  speckle 
contrast.  This  method  is  currently  under  investigation. 
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Figure  1.  Schematic  of  2-D  Motor 
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Figure  2.  Schematic  of  Reconstruction 
Viewing  Method  (after  Ref.  3) 
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Figure  3 Photographs  of  Typical  Reconstructed  Images 
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Figure  4 Block  Diagram  of  Qoantimet  720 
EnhancedBaeic  Configuration 
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Figure  5 Block  Diagram  of  Semiautomatic 
Image  Reconstruction  Setup 
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Figure  6.  Geometry  for  Calculating  Maximum 
Speckle  Diameter  Due  to  Diffuse  Illuminator 
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Figure  7.  Geometry  for  Cal oule ting  Maximum 
Speckle  Diameter  in  Imaging 
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SPECKLE  SIZE,  micrometers 


Pigure  8.  Maximum  Speckle  Diameter  vs. 
Leas  f-auaber  aad  Magaif icatioa 
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ABSTRACT 


The  General  Motors  Research  Laboratories  has  developed  an 
image  processing  system  which  automatically  analyzes  the 
size  distributions  in  fuel  spray  video  images.  Images  are 
generated  by  using  pulsed  laser  light  to  freeze  droplet 
motion  in  the  spray  sample  volume  under  study.  This  coherent 
illumination  source  produces  images  which  contain  droplet 
diffraction  patterns  representing  the  droplets  degree  of 
focus.  Thousands  of  images  are  recorded  per  sample  volume 
to  get  an  ensemble  average  of  the  distribution  at  that  spray 
location.  After  image  acquisition  the  recorded  video  frames 
are  replayed  and  analyzed  under  computer  control. 

The  analysis  is  performed  by  extracting  feature  data 
describing  droplet  diffraction  patterns  in  the  images.  This 
allows  the  system  to  select  droplets  from  image  anomalies 
and  measure  only  those  droplets  considered  in  focus.  The 
system  was  designed  to  analyze  sprays  from  a variety  of 
environments.  Currently  these  are  an  ambient  spray  chamber, 
a high  pressure  high  temperature  spray  facility,  and  sprays 
in  a running  engine. 


Unique  features  of  the  system  are  the  totally  automated 
analysis  and  droplet  feature  measurement  from  the  grayscale 
image.  Also  it  can  distinguish  non- spherical  anomalies  from 
droplets  which  allows  sizing  of  droplets  near  the  spray 
nozzle. 


PRECEDING  PAGE  BLANK  NOT  FILMED 
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This  paper  describes  the  feature  extraction  and  image 
restoration  algorithms  used  in  the  system.  Preliminary 
performance  data  is  also  given  for  two  experiments.  One 
experiment  gives  a comparison  between  a synthesized 
distribution  measured  manually  and  automatically.  The 
second  experiment  compares  a real  spray  distribution 
measured  using  current  methods  against  the  automatic  system. 


KEYWORDS 

particle  sizing  and  spray  analysis;  droplet  sizing;  spray 
characterization;  image  processing; 


INTRODUCTION 

Basic  research  is  being  conducted  to  relate  the  combustion 
process  and  the  design  and  placement  of  fuel  injectors.  This 
is  being  accomplished  by  studying  fuel  spray  droplet 
dynamics.  The  fuel  spray  study  utilizes  a system  which 
records  video  images  of  spray  droplets  directly  from  a 
variety  of  fuel  spray  environments.  These  include  an  ambient 
spray  chamber[l,2],  a high  temperature,  high  pressure  test 
chamber,  and  the  combustion  chamber  of  a running  engine[3]. 

Because  of  the  harsh  spray  environments  the  analysis  of 
video  images  at  General  Motors  Research  Laboratories  is 
currently  done  manually  by  observing  the  images  on  a TV  and 
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selecting  only  "in  focus"  droplets  for  velocity  and  size 
measurements.  Manual  data  reduction  is  time  consuming, 
tedious  and  inconsistent  for  different  operators.  These 
problems  led  to  the  development  of  an  automatic  system  for 
droplet  measurement.  This  system  should  access  archived 
image  data  and  extract  droplet  size  information  without 
manual  intervention.  The  system  must  also  analyze  poor 
quality  images  containing  low  frequency  intensity  gradients 
which  exceed  droplet  contrast  levels.  The  realization  of 
these  requirements  has  pushed  the  capabilities  of  this  spray 
analysis  system  beyond  any  other  direct  imaging 
system[4,5,6,7,S] . 


HARDWARE 

Figure  1 shows  a block  diagram  of  the  hardware  utilized  in 
this  study.  For  further  details,  refer  to  Oberdier 
paper [9].  Images  are  created  by  direct  imaging  of  a spray 
sample  area  on  a high  resolution  CCD  (charge  coupled  device) 
array  camera  . This  camera  has  a sensor  resolution  of  380  X 
480  picture  elements  (pixels).  Illumination  of  the  sample 
volume  is  provided  by  a pulsed  100  mJ  nitrogen  laser  at  a 
wavelength  of  337  nm.  The  10  ns  laser  pulses  are  collimated 
and  passed  through  the  test  volume  perpendicular  to  the 
spray.  The  imaging  lense  used  has  a 117  mm  focal  length.  The 
recording  camera  is  positioned  to  give  a resolution  of 
3.3  urn  per  image  pixel.  This  magnification  allows  a 1.2  X 
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1.5  mm  field  of  view  at  the  focal  plane.  Because  of  the 
filter  operation  performed  by  the  software  to  remove  low 
frequency  image  degradation,  the  measurable  droplet  diameter 
range  is  limited  at  5 to  50  pixels.  This  translates  an 
effective  droplet  diameter  range  of  16  to  165  urn.  Thus  the 
imaging  lense  is  switched  to  accommodate  other  ranges. 

Image  acquisition  is  accomplished  by  using  a microcomputer 
based  controller  which  synchronizes  laser  firing,  camera 
scanning  and  image  storage  to  the  experimental  process.  The 
controller  was  developed  at  General  Motors  and  will 
synchronize  image  acquisition  at  a particular  engine  crank 
angle  or  free  run  at  standard  video  rates  (30  frames  per 
second).  Images  are  stored  on  a magnetic  video  disk  recorder 
which  allows  full  frame,  random  access  of  the  images.  After 
the  data  is  collected  the  stored  images  are  digitized  and 
analyzed  automatically  by  a Vicom  image  analysis  system. 
This  system  digitizes  each  image  to  a 512  X 512  pixel  array 
at  8 bits  of  resolution  per  pixel.  It  should  be  noted  that 
current  camera  and  recorder  technologies  limit  the 
realization  of  this  specification  to  6 bits  of  of  intensity 
resolution  and  the  horizontal  bandwidth  to  450  lines. 
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IMAGE  PROCESSING  ALGORITHMS 


Image  processing  algorithms  were  applied  to  perform  the 
following  steps. 

1.  Image  normalization  - Remove  low  frequency 

degradation  in  the  recorded  images. 

2.  Segmentation  - Find  places  in  the  image  which  may  be 
the  centroid  of  droplets. 

3.  Feature  extraction  - Extract  feature  data  from  the 

image  restored  in  step  one  at  those  centroid 

locations . 

4.  Classification  - Decide  if  the  object  is  an  in  focus 
droplet  by  using  extracted  diffraction  feature  data. 

Image  Restoration 

The  fuel  spray  images  recorded  from  the  high  temperature, 
high  presure  chamber  and  the  running  engine  chamber  have  low 
frequency  intensity  degradation.  This  is  caused  by  droplets 
which  hit  the  observation  window,  refracting  gradients  in 
the  optical  path,  and  sensor  scan  variations.  This 
degradation  has  intensity  values  which  can  be  similar  to 
droplet  intensities.  This  degradation  is  removed  in  the 
following  manner. 

As  discussed  in[10,ll,12],  an  image  formation  model  can  be 
represented  mathematically  as: 
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(1) 


g(x,y)  « d(x,y)f (x,y)  ♦ n(x,y)  ♦ b 


where 

g(x,y)  * detected  Image 
f<x,y)  » original  image 
d(x,y)  = multiplicative  noise 

u\a — auui Live  uuxae 

b ■ intensity  bias. 

We  assume  that  the  low  frequency  degrading  function  is  represented 
by  d(x,y) . The  additive  noise 

n(x,y)  represents  high  frequency  ( pixel  to  pixel  ) 
digitization  and  camera  sensor  noise.  The  b term  is  added 
to  the  model  by  the  authors  to  account  for  any  intensity  bias  which 
may  be  added  to  the  image  by  video  circuitry  or  ambient  light. 

Solving  for  the  original  image,  f(x,y),  before  the  degradation 
occurred  results  in: 

(2)  f(x,y)  » [g(xry)  - n(x,y)  - b]  / d(x,y). 


Instead  of  estimating  the  additive  noise  and  subtracting  it 
from  the  image  g(x,y) , the  image  g(x,y)  is  passed  through  a 
low  pass  filter.  This  is  accomplished  by  convolving  g(x,y) 
with  a Gaussian  impulse  response  whose  coefficients  are 
given  as 
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Figure  2 shows  a 

plot 

of  g(x,y) 

before 

and  after 

the 

Gaussian  operation.  The  intensity  bias,  b 

is  calculated  as 

being  the  lowest 

intensity  value 

in  the 

image  after 

the 

additive  noise  is 

removed.  This 

bias  is 

subtracted 

from 

every  image  point 

in  the 

image. 

The  last  step  in  this  image  normalization  process  is  the 
removal  of  the  low  frequency  degradation,  d(x,y).  This  is 
first  estimated  by  using  a nonlinear  filtering  technique 
called  morphological  filtering.  This  was  selected  over 
other  low  pass  filters  because  it  preserves  edge  structure. 
The  effect  of  this  filter  operation  is  to  delete  image 
objects  smaller  than  the  defined  size  of  the  filter.  This 
leaves  am  image  which  contains  only  the  background  intensity 
levels.  Therefore  to  estimate  d(x,y),  the  filter  size  is 
selected  to  be  larger  than  the  largest  object  to  be 
measured. 
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A simple  representation  of  this  filter  as  given  in[13]  is: 


(3)  d(s,t)  = max  £ f(x,y)  . circ  ^(x-s)*+(y-t)1  /r,33 

where  d(s,t)  = resulting  image 
f(x,y)  = original  image 

circ  [^/(x-s)*+(y-t) 2 /r0]  describes  the  circular 

structuring  element  with 
radius  r0  and  equals: 

1 for  >^x-s)2+(y-t)2  /r0  <=  1 

0 otherwise 

The  max  function  propagates  local  image  intensity  maxima 

over  the  filter  size  defined  by  r,  for  every  pixel  in  the 

image.  The  original  boundaries  are  preserved  by  performing 
a reverse  propagation  on  the  transformed  image: 

(4)  d(s,t)=  mint  f(x,y)  . circ  [>/(x-s)2+(y-t)2  /r,]] 

The  min  function  propagates  local  image  intensity  minima 

over  the  filter  size  defined  by  r,  for  every  pixel  in  the 

image.  To  normalize  the  image,  the  estimated  d(x,y)  is 
divided  into  the  intermediate  image,  ( g(x,y)  - n(x,y)  - b) 
per  equation  (2) . 


Figure  3,  4 and  5 show  an  original  image,  its  background 
estimate,  d(x,y)  using  this  filter,  and  the  normalized  image 
after  division. 

SEGMENTATION  - Locating  candidate  objects 

By  utilizing  the  previous  image  restoration  algorithm, 
intensity  thresholding  can  be  used  to  segment  areas  which 
may  or  may  not  be  droplets,  i.e.,  candidates [14] . Image 
threshold  levels  are  selected  by  analyzing  the  intensity 
histogram [15, 16] . It  is  assumed  that  the  largest 
distribution  in  the  histogram  corresponds  to  the  background 
intensity.  The  midpoint  of  this  distribution's  positive 
slope  is  selected  as  the  threshold  level  if  the  histogram  is 
unimodal.  If  there  is  a peak  prior  to  the  background  peak 
the  valley  between  both  distributions  is  selected. 


The  output  of  the  threshold  operation  is  a binary  image  in 
which  the  dark  areas  correspond  to  candidates.  Region 
boundaries  are  generated  by  using  a 4 adjacency  border 
algorithm [ 17  ] . This  algorithm  allows  a fast  way  to  generate 
all  object  boundaries  at  one  time  by  treating  the  image  as  a 
whole.  It  is  defined  mathematically  as 
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(5)  B(x,y)  = S(x,y) 


* [ S(x-l,y)  + S(x+l,y)  + S(x,y+1)  + S(x,y-1)  ] 


where 

B(x,y)  * boundary  image 

S(x,y)  = original  threshold  image 

S(x,y)  = logical  negation  of  S(x,y) 

* = logical  AND 

+ = logical  OR. 

The  output  of  this  algorithm  is  object  edge  pixels  which 
define  the  object's  boundary.  Figures  6 and  7 show  a 
threshold  and  its  associated  boundary  image. 

The  image  is  scanned  by  a tracking  algorithm  which  follows 
object  boundaries  and  calculates  the  centroid,  radius  (a 
circle  is  fit  to  the  points)  and  number  that  represents  how 
good  the  boundary  fits  the  circle.  The  centroids  are  points 
in  the  normalized  image  g(x,y)  which  will  be  used  as  feature 
extraction  locations. 

Feature  Extraction 

To  extract  features  from  candidate  objects  two  curves  are 
determined.  Both  curves  are  calculated  by  assuming  symmetry 
around  the  centroids  determined  in  the  previous  section.  One 
curve  is  a radial  intensity  profile,  the  other  a radial 
standard  deviation.  To  accomplish  this,  the  vector  distance 
from  each  candidate's  centroid  to  all  neighboring  points  is 
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calculated.  Neighboring  points  are  averaged  for  an  area 
spanning  twice  the  radius  value  found  when  calculating  the 
boundary  centroid.  The  distance  to  neighboring  points  is 
modified  to  compensate  for  the  aspect  ratio  induced  by  the 
camera.  This  is  calculated  using  0.8  times  the  vertical 
displacement.  Intensity  values  for  similar  distance  vectors 
are  accumulated  to  get  average  radial  intensity  and  radial 
standard  deviation.  See  Figure  8. 

Because  of  the  way  the  centroid  was  selected  two  things  are 
possible.  First,  the  calculated  intensity  and  deviation 
curves  may  or  may  not  represent  a droplet.  Many  kinds  of 
anomalies  are  possible.  For  example  the  object  could 
represent  a multiple  droplet  cluster,  a blob  that  was 
created  by  the  selected  threshold  level  or  an  anomaly 
created  by  edge  effects  after  creating  an  image  mosaic. 
Examples  of  these  are  shown  in  Figure  7 . These  anomalies 
are  distinguished  using  the  circular  fit  number  generated 
during  boundary  tracking  along  with  the  intensity  and 
deviation  curves  during  the  classification  process. 
Secondly,  the  centroid  may  indicate  a valid  droplet  but  may 
not  be  the  real  object  center.  To  correct  this,  the  software 
attempts  to  reposition  all  droplet  centers  by  using  radial 
deviation  information  as  an  indication  of  best  center 
position.  Repositioning  is  done  by  calculating  the  standard 
deviation  for  the  four  quadrants  of  a candidate.  See 
Figure  9.  The  derivative  of  the  quadrant  curves  2,3,4  is 
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cross  correlated  with  the  derivative  of  quadrant  1.  The 
resulting  correlation  peaks  are  at  index  points  which  weight 
the  direction  of  center  repositioning  in  the  following  way: 

(6)  Delta  X = TRUNCATE ( 0.5  + cos*  ( -Q2  - Q3  + Q4  ))  (7) 
Delta  Y = TRUNCATE ( 0.5  + sin*  ( Q2  - Q3  - Q4  )) 

where  * = 45  degrees  =(.707) 

Ql-4  = correlation  index  values 


This  procedure  iterates  up  to  5 times  per  candidate  before 
aborting  if  the  delta  valves  do  not  converge  to  zero. 
Assuming  that  the  radial  intensity  profile  corresponds  to 
the  diffraction  pattern  of  a real  droplet,  a variety  of 
features  describing  the  pattern  are  calculated.  Some  of 
these  features  are  : 

1.  Intensity  profile  slope  at  the  droplet  center. 

2.  Number  of  rings  within  the  droplet. 

3.  Slope  of  intensity  profile  at  droplet  edge. 

4 . Droplet  contrast . 

5.  Intensity  profile  overshoot  height  and  width. 

6.  Droplet  radius  measured  at  the  maximum  profile  slope 
at  the  droplet's  edge. 

Extracted  features  and  where  the  feature  is  measured  is 
shown  on  the  curves  in  Figure  10.  This  figure  was  generated 
using  theoretical  radial  intensity  plots  of  an  ideal  opaque 
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100  micron  sphere  at  200  and  400  microns  from  the  plane  of 
focus. 

A rudimentary  classification  procedure  uses  these  and  other 
features  to  select  the  radial  intensity  curves  which 
represent  droplets  that  are  in  the  sample  volume. 

Experimental  Procedure 

Two  preliminary  experiments  were  run  to  quantify  the 
accuracy  of  the  automatic  system  vs . manual  techniques . In 
the  first,  a slide  of  polystyrene  microspheres  was  measured 
using  a micrometer  attached  to  a microscope  (labeled 
MICROMETER  in  Figure  11).  500  measurements  were  made  on  the 
slide  to  get  an  ensemble  average  of  the  distribution.  In  a 
similar  fashion  50  images  at  random  slide  positions  were 
analyzed  by  the  automatic  system  (VIDEO-AUTO) . Images  were 
acquired  by  illuminating  the  slide  with  a 5 mw  helium  neon 
laser.  A CCD  camera  inline  with  the  laser  detected  a sample 
area  using  the  same  'experimental'  optics  described  in  the 
hardware  section.  The  slide  was  held  in  a micropositioning 
device  and  images  with  a high  droplet  density  were  recorded. 
These  same  images  were  also  measured  manually  on  a video 
monitor  using  a scale  (VIDEO-MANUAL). 

In  a second  experiment,  400  images  were  recorded  in  the  high 
pressure  high  temperature  test  facility  using  a Heptane 
gasoline  spray.  A nitrogen  laser  and  vidicon  camera  was 
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used  as  the  illumination  source  and  sensor.  The  optics  used 
were  the  same  as  in  experiment  1.  The  images  were  manually 
measured  on  a video  monitor  by  two  different  observers 
(VIDEO-MANUAL  #1,#2)  and  also  by  the  automatic  system. 
Because  this  experiment  measured  a real  spray  the  sample 
counts  were  corrected  for  depth  of  field  effects.  This 
procedure  compensates  for  the  fact  that  smaller  droplets 
defocus  faster  than  larger  ones  for  equal  distances  from  the 
imaging  optics  plane  of  focus.  Therefor  to  account  for  a 
varying  sample  volume,  the  droplet  size  counts  for  the 
sample  volume  is  multiplied  by  the  ratio  of  depth  of  fields. 
The  ratio  is  defined  as  the  maximum  measured  size's  depth  of 
field  divided  by  each  size  bin's  depth  of  field.  This 
increases  count  values  for  smaller  droplet  size  bins 
exponentially. 

A comparison  of  sizing  the  droplets  manually  vs. 
automatically  is  given  for  both  experiments  in  Figures  11 
and  12.  Both  figures  compare  the  percentage  of  total  count 
vs.  droplet  size.  Also  included  is  the  linear,  volume,  and 
sauter  mean  diameters  for  each  method. 

Results 

The  first  experiment  is  more  controlled  than  the  second 
because  no  decision  is  necessary  on  the  observer's  part  as 
to  whether  or  not  a sphere  (droplet)  is  in  focus,  and  thus 
all  objects  were  counted  except  for  droplet  clusters.  In 
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experiment  1,  the  manual  measurement  using  the  video  monitor 
varied  from  the  measurement  using  the  micrometer  by  a 2-6% 
range  for  the  distribution's  mean  diameters.  This  includes 
errors  induced  in  the  measurement  process  (selecting  the 
object  boundaries  in  both  cases  is  subjective)  and  actual 


distribution  differences 

because  of 

the  small 

sample  size 

(500  for  the  micrometer. 

175  for 

the  monitor) 

and  human 

error . 

The  distribution's  mean 

diameters 

calculated 

using  the 

automatic  system  varied 

over  a 

3-9%  range 

from  the 

micrometer  values.  It  measured  172  objects,  1 of  which  was 
an  error. 

In  experiment  2,  the  manual  #2  measurements  varied  2-13% 
from  manual  #1  over  the  various  mean  diameters.  Because 
this  second  experiment  involved  real  spray  images,  a 
decision  as  to  the  selection  of  droplets  by  their  degree  of 
focus  had  to  be  made  by  the  observers.  400  images  were 
analyzed  containing  approximately  8000  candidate  objects. 
The  distribution  size  totalled  150  and  120  droplets  for  the 
#1  and  #2  manual  measurements  respectively.  Both  manual 
measurements  were  averaged  to  provide  mean  diameter  values 
to  compare  against  the  automatic  system.  The  automatic 
system  varied  5-16%  from  those  average  values.  It  selected 
85  focused  droplets. 
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The  variation  between  measurements  in  both  experiments  is 
due  to  the  small  sample  size  and  human  measurement 
variations.  size[18]. 


CLOSURE 

A system  has  been  developed  which  automatically  measures 
droplet  size  distributions  from  video  images.  This  offers  a 
method  to  measure  areas  of  spray  distributions  were 
conventional  devices  fail  such  as  at  the  spray  nozzle  tip. 
This  method  may  also  be  used  to  verify  the  calibration  of 
other  instruments.  The  accuracy  of  this  technique  has  been 
evaluated  by  two  preliminary  experiments  and  was  shown  to  be 
in  the  range  of  2-16%.  It  is  felt  that  this  is  very 
satisfactory  range.  From  experience  gained  in  these 
experiments  we  feel  that  a next  step  is  a dual  purpose 
experiment  involving  larger  sample  sizes.  This  would 
confirm  our  experimental  results  and  at  the  same  time 
characterize  a spray. 
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Figure  1.  Equipment  block  diagram 
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Original  Image  After  Gausian  Filter 


Figure  2.  Gaussian  filtering  operation 
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Figure  3.  Original  Image 
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Figure  4.  Estimation  of  d(x,y) 
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Figure  5.  Normalized  image 
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Figure  6.  Threshold  image 
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Figure  7.  Boundary  image 
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Figure  8.  Radial  and  Standard  deviation  curve  for  candidate 
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Figure  9.  Quadrant  plots  for  deviation  derivatives 
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DROPLET  DIFFRACTION  INTENSITY  FUNCTION 


0 microns 
200  microns 
400  microns 


Radial  Distance 


DROPLET  DIFFRACTION  INTENSITY  FUNCTION 


0 microns 
200  microns 
400  microns 


Figure  10.  Feature  measurement 
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MEASUREMENT  COMPARISON 
TV-MANUAL  vs.  MICROMETER  vs.  AUTOMATIC 
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Figure  11.  Synthesized  distribution  on  microscope  slide 
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MEASUREMENT  COMPARISON 
MANUAL  vs.  AUTOMATIC 


Droplet  Size 


Figure  12.  Heptane  spray 
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Figure  Legend 


1.  Equipment  block  diagram 

2 • Gaussian  filtering  operation 

3.  Original  Image 

4.  Estimation  of  d(x,y) 
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6.  Threshold  image 

7.  Boundary  image 

8.  Radial  and  Standard  deviation  curve  for  candidate 

9.  Quadrant  plots  for  deviation  derivatives 

10.  Feature  measurement 

11.  Synthesized  distribution  on  microscope  slide 

12.  Heptane  spray 
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Concluding  Remarks 

This  workshop  has  brought  together  many  researchers 
working  on  many  facets  of  image  data  reduction.  We  all 
feel  that  this  workshop  has  renewed  our  optimism  for 
holographic  interferometry  and  that  it  has  great  promise 
based  on  automated  data  analysis  and  reduction 
advancements.  Holography  has  unique  advantages  and  with 
correct  data  handling  methods,  it  could  yield  ten  fold  or 
more  information. 

It  was  suggested  that  a government  agency  should 
propose  a new  imitiative  for  funding  holography  and  image 
analysis.  Fortunately,  the  government's  "Small  Business 
Inovative  Research"  program  in  the  past  two  years  has 
provided  funds  for  this  work.  Some  examples  are  the 
development  of  thermo  plastic  holographic  recording 
devices,  higher  power  and  more  stable  lasers,  and  the 
development  of  image  analysis  with  artifical  intelligence. 

It  was  mentioned  that  progress  on  this  type  of 
research  could  be  measured  in  a three  or  four  year  period. 
As  such,  a second  workshop  should  be  held  in  1988  or  1989. 
We  are  certain  that  based  on  the  work  in  progress  and  in 
the  planning  phases  that  another  workshop  would  be  very 
benef ical . 
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